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Abstract
Anaerobic digestion (AD) is a biological process in the absence of oxygen to stabilize organic
waste while producing biogas, a mixture formed mainly of methane and carbon
dioxide. Mono AD using a single substrate has some inherent drawbacks associated with the
risk of imbalance carbon over nutrient (C/N) ratio and low biogas yield. Thus, anaerobic codigestion (AcoD) has recently emerged as a promising option to overcome these
disadvantages of mono-digestion and to improve the economic feasibility of biogas
production at wastewater treatment plants (WWTPs). In the context of a WWTP, AcoD can
be defined as the AD process involving sewage sludge and one or several other organic waste
materials (such as food waste and fat oil and grease). While the potential of AcoD to enhance
biogas production is attractive, there remain several challenges to be addressed in the largescale AcoD operation. For example, both synergistic and antagonistic effects during AcoD
have been reported in the literature. Thus, it is imperative to determine a suitable range of
organic loading at which the synergistic effect of AcoD can be realised. In addition, most
AcoD investigations reported to date were at small lab scale level, and thus, findings from
these previous studies may not be directly applicable to full scale operation.
This thesis work consists of two components. In the first component, the relationship between
organic loading and the synergistic effects during AcoD of sewage sludge and food waste
was explored through systematic biomethane potential (BMP) evaluation. The specific
objectives include (i) evaluating the process performance and stability from total solids (TS),
VS, and soluble chemical oxygen demand (COD) removal, (ii) determining the hydrolysis
rate constant (Kh) based on the reaction kinetics, (iii) appraising the biomethane yield and the
synergistic effect at various organic loadings. The second component involves pilot-scale
evaluation of AcoD of sewage sludge and several different waste beverages (hereon referred
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to as beverage rejects). These beverage rejects are alcoholic and non-alcoholic drinks that
were discarded during production or distribution due to various reasons (e.g. contamination,
damage during transportation and storage, and expired products).
Results from the first research component reveal a notable relationship between the
synergistic/antagonistic performance of sewage sludge – food waste AcoD and organic
loading. At the same sewage sludge content, BMP assays show an increasing specific
methane yield as the content of food waste increased to the optimum organic loading of 15 kg
VS/m3. Under these conditions, the specific methane yields experimentally measured in this
study were considerably higher than those calculated by adding the specific methane
individual co-substrates during mono-digestion. On the other hand, at above the optimum
organic loading value, inhibitions (i.e. lower specific methane yield compared to monodigestion) were observed. The relationship between synergistic performance of AcoD and
organic loading was also evidenced in the removal of volatile solids as well as COD. Further
analysis of the intermediate products show that methanogenesis was the rate limiting step
during AcoD at a high organic loading value. As the organic loading increased, the digestion
lag phase increased and the hydrolysis rate decreased.
The pilot-scale AcoD evaluation component demonstrates up to 60% increase in biogas yield
at the optimised operating condition when sewage sludge is co-digested with 10% (v/v) of
beverage reject. Higher specific methane yield was observed when co-digesting sewage
sludge and beer beverage rejects compared with that using wine beverage rejects as cosubstrates. Synergistic performances occurred when co-digesting sewage sludge with both
beer and wine beverage rejects, whereas, better system performance in co-digesting with beer
beverage rejects can also be evidenced in terms of the TS, VS and COD removals. However,
strong inhibitions were observed in the later inhibited stage when co-digesting sewage sludge
with wine beverage sludge. This may due to the fast accumulation of VFAs in co-digestion
ii

digester. Da Ros et al., (2014) also reported that high concentration of VFAs was observed
with an OLR at 3.3 kg COD/ (m3.d) and at mesophilic conditions. Significant reductions in
biogas yield and removal rates also demonstrated the instability in co-digestion Digester A.
The intermediate product analysis provides further evidence on the inhibited status under
such AcoD condition. It is noted that several problems including presence of inhibitory
compounds, and temperature fluctuation appeared during the AcoD process and required
appropriate responses to address such problems to assure the successful operation. The
experience obtained in tackling these problems was useful for full-scale AcoD operation.
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1. Introduction
Anaerobic digestion (AD) is a biological process, in which microorganisms produce biogas
from organic materials in the absence of oxygen. Biogas is a valuable fuel source with a
mixture formed primarily methane and carbon dioxide. A common application of AD is the
treatment of sewage sludge. Indeed, AD is a mature technology and has experienced a
significant growth since the 70s (Goulding & Power, 2013; Mata-Alvarez et al., 2000). Major
products of the AD process are biogas, which can be used for energy production, and solid
residual, which can be dewatered to obtain biosolids for land application or disposal via
incineration.
When using a single feedstock, substrate properties are a major limitation in AD application.
For example, the relatively low organic loadings in sewage sludge affects negatively on the
methane productivity (Mata-Alvarez et al., 2014). Similarly, animal manures are
characterised with low organic loadings while with high nitrogen content, which will result in
the inhibitions to the methanogens (Bujoczek et al., 2000). The organic compounds in
municipal solid waste contains improper fractions and high heavy metal concentrations
(Smith, 2009). Crops and agro waste are seasonally variable and generally have a low N
fraction (Hills & Roberts, 1981). The slaughterhouse waste is risky for AD due to its
properties with high N concentration or long chain fatty acids, which both were classified to
be the inhibitors to the methanogenic activities (Tritt & Schuchardt, 1992). However, most of
these problems can be addressed by adding co-substrate to improve the nutrient balance in
anaerobic co-digestion (AcoD).
AcoD is the simultaneous AD process with two or more substrates, which have the potential
to provide environmental and economic benefits. These benefits include generating revenue
from the gate fee, significantly reducing the greenhouse gas emissions, and producing higher
1

methane production (Mata-Alvarez et al., 2000). This makes AcoD a feasible alternative to
overcome the disadvantages in anaerobic mono-digestion. AcoD therefore developed rapidly
in recent years and can be considered the most relevant topic in AD research (Mata-Alvarez
et al., 2014). Many literatures focus on the positive interactions in mixing the substrates, for
example, increase the methane yield, dilute inhibitory or toxic content, enhance the nutrient
balance (Kim et al., 2004; Lin et al., 2011; Murto et al., 2004; Sosnowski et al., 2003; Wang
et al., 2012; Yen & Brune, 2007). Synergistic effect appeared consequently which referred to
the better system performance and methane productivity than each individual digestion.
Although many kinds of mixtures are examined and explored, it is still important to select the
optimum combination of co-substrates with synergistic effects without the impact on the
effluent digestate quality (Mata-Alvarez et al., 2014).
Under this circumstance, food waste is an ideal material for its high organic fraction and rich
in energy characteristics. However, little study has been investigated to explore the
synergistic effect in association with co-digesting with food waste at various organic loading
rate (OLR) in Australia. Thus, there remains some difficulties in the large-scale AcoD
including the discrepancy between environmental advantages and the economic uncertainty
in collecting gate fees, difficulties in biogas utilisation, food collection, food processing and
handling, post impacts of the produced biosolids, and the experience insufficiency in
designing and operating the AcoD systems (Nghiem et al., 2017).
To contribute to the identified knowledge gaps, this research will concentrate on two main
components:
I.

Evaluating the synergistic/ antagonistic effect for lab-scale co-digestion with food
waste at various organic loadings, and
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II.

Exploring the AcoD performance under different co-substrates conditions at pilotscale in the Shellharbour WWTP.

The plan for pilot-scale AcoD operation contains several overall stages: (i) AcoD with beer
beverage reject, (ii) AcoD with wine beverage reject, (iii) AcoD with coke beverage reject,
(iv) AcoD with juice beverage reject, (v) AcoD with food waste, and (vi) AcoD with other
co-substrate. It is noted that this thesis includes the analysis of AcoD with beer and wine
beverage reject only based on the system performance due to the current process.
This thesis consists of six chapters. After the introduction (Chapter 1) and literature review
(Chapter 2), the synergistic/ antagonistic effects will be examined in Chapter 3. The specific
objectives of Chapter 3 (lab-scale AcoD experiment of sewage sludge and food waste)
include (i) evaluating the process performance and stability from total solids (TS), volatile
solids (VS), and soluble chemical oxygen demand (COD) removal, (ii) determining the
hydrolysis rate constant (Kh) based on the reaction kinetics, (iii) appraising the biomethane
yield and the synergistic effect at various organic loadings. In Chapter 4, pilot-scale AcoD
evaluation will be conducted to (i) evaluating the baseline (AD) and AcoD process stability at
various co-substrate conditions from TS, VS, total COD removals, (ii) assessing the codigestion effects on biogas productivity during three AcoD stages of sewage sludge and cosubstrate at 10% (v/v), and (iii) monitoring and maintaining pilot-scale AD and AcoD
performance via tracking pH, TS, VS, total organic acids (TOA) and total/soluble COD at
various stages under continuous operating conditions. Chapter 5 summarises key findings
from this study and recommendations for future work are provided in Chapter 6.
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2. Literature Review
2.1 Anaerobic digestion
As a multi-stage biological process (Kangle et al., 2012), AD occurs in the absence of oxygen
to stabilise organic wastes (Mata-Alvarez et al., 2014) and produce biogas. First utilised in an
industrial context in 1776, AD technology developed rapidly in the last century due to its
economic benefits (Nkoa, 2014) and the increasing demand of organic wastes disposal. It has
also been widely used for stabilising sewage sludge in wastewater treatment plants
(WWTPs).
The AD process consists of four stages: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis (Figure 1). It is noteworthy that, in the literature, the acidogenesis and
acetogenesis stages are sometimes considered as a single stage since the interactions of
different type of bacteria in both acidogenesis and acetogenesis usually occur simultaneously.
Hydrolysis is the first stage in the AD process (Caruana & Olsen, 2011). It is often the ratelimiting stage in these four-stage reactions in AD (Appels et al., 2008). In this stage, lipids
are converted to long-chain fatty acids and glycerol by lipolytic bacteria, carbohydrate is
converted to sugar, volatile fatty acids (VFAs), and alcohol by fermentative bacteria, and
protein is transformed to amino acids by proteolytic microorganisms (Kangle et al., 2012).
Then long-chain insoluble organic waste can be further converted to its short-chain, simple
and soluble molecule to ensure their penetrability towards the bacterial cell membrane.
Multiple types of microorganisms affect collaboratively on the conversion performance,
including fermentative bacteria, proteolytic microorganism, hydrolytic bacteria, and lipolytic
bacteria (Kangle et al., 2012). Hydrolysis kinetics can be enhanced by improving operating
conditions, such as applying higher temperature and pre-treatment (Luostarinen et al., 2011)
to destroy the chemical bonds in organic wastes (Rincón et al., 2016). The hydrolysis rate
5

constant Kh (d-1) is the rate coefficient of hydrolysis reaction. With a higher Kh value, a
shorter hydrolysis time can be achieved. Kh is an important parameter in theoretical
calculating methane production and VS removal amount as a function of time.
As noted above, acidogenesis and acetogenesis can be combined as a single stage, as both
occur simultaneously in the AD process. In the acidogenesis stage, most products
(approx.70%) generated from hydrolysis will be further converted to acetate, hydrogen (H2),
carbon dioxide (CO2), and VFAs by facultative and anaerobic bacteria (Kangle et al., 2012).
The remaining 30% of the components will be converted into alcohol and short-chain fatty
acids (Angelidaki et al., 2007). In this stage, fermentative by-products including hydrogen
sulphide (H2S), ammonia (NH3), and additional biosolids are produced (Figure 1).

Figure 1 Four stages of the Anaerobic Digestion Process
The remaining VFAs, alcohol, and aromatic fatty acids are converted to hydrogen, carbon
dioxide, and acetate by multiple bacteria in acetogenesis and acidogenesis. It is noteworthy
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that the generated carbon dioxide and hydrogen can be further converted to acetate by
homoacetogenic bacteria (Sterling Jr et al., 2001).
In the methanogenesis stage, methane is generated by diverse methanogenic archaea
including methanobacterium, methanobacillus, methanococcus, and methanosarcina (Kangle
et al., 2012). Capareda et al. (2013) reported that most methane yield (70%) is the result of
acetate decomposition and the remaining 30% is formed by the reaction of carbon dioxide
and hydrogen (i.e. hydrogenotrophic methanogenesis). It is noteworthy that methanogenesis
stage is the rate-limiting stage for substrates with high biodegradability due to the slow
microorganism growth rate (Jeihanipour et al., 2011; Yuan & Zhu, 2016).
AD acts a significant role in sludge stabilisation (Esposito et al., 2012). Nowadays, sewage
sludge management has become a major issue in WWTPs due to its potential environmental
impacts and high disposal cost. Sewage sludge is characterised as two components: the
primary sludge from primary settling tank and the waste activated sludge (WAS) from the
following wastewater biotreatment facilities. Sewage sludge is a solid by-product from
municipal wastewater treatment. Because sewage sludge is rich in biodegradable organics
and pathogenic agents, adequate treatment is necessary prior to disposal or any form of land
applications (Semblante et al., 2014). Given the large amount of sewage sludge generated
each day, sewage sludge management has become a major issue for the wastewater industry.
Indeed, the treatment and disposal cost of sewage sludge accounts for up to 50% of the total
operational budget of a typical WWTP (Appels et al., 2008; Li et al., 2014). The typical
characteristics of sewage sludge are as follows: pH 6.5-7.5, TS 2.3-2.8 %, VS 1.7-2.1 %, total
COD 29,920-51,360 mg/L, and C:N 9.6-15.3 (Grosser, 2017).
WAS is the main by-product in biological WWTPs. The amount of WAS has increased
significantly due to the boost in the amount of wastewater being treated (Athanasoulia et al.,
7

2012). Consequently, the disposal charge of WAS accounts for 30%-50% of total WWTP
expenses (Appels et al., 2008; Li et al., 2014). Moreover, sewage sludge contains high
concentration of contaminants, which can result in health problems and secondary pollution.
In the AD process, sewage sludge can be effectively degraded to stable residual solids with a
lower level of contamination by bacteria consortium of microorganisms. Other advantages of
AD sludge stabilisation include reducing pathogens level in residual sludge, controlling
odour, and decrease the putrefaction potential. Meanwhile, digestate is highly rich in
nutrition. It can be used as the nutrition feedstock in activated sludge treatment. Digestate has
a high agriculture value and economic benefits. It can be further processed to manufacture the
commercial fertiliser.
Biogas can be produced to generate energy from the AD process. As a major product from
the AD process, biogas contains 40-60% CH4, 30-40% CO2, and a trace amount of other
gases such as H2S and water vapour (Chynoweth et al., 2001; Wickham et al., 2016). Given
its methane content, biogas is a valuable renewable fuel, which can be used by a combined
heat and power engine to generate electricity to offset part of the energy demand at the
WWTP and heat which can be used by the AD process itself (Shen et al., 2015). In the USA,
it is reported that 20-40% energy consumption of WWTPs using activated sludge process can
be recovered by gas energy recovery system (Crawford & Sandino, 2010). It is noteworthy
that biogas is a renewable energy source and can be produced continuously in the AD
process. This is crucial for decelerating the exacerbation of energy demand to supply deficit,
especially when the gap between energy demand and supply is becoming increasingly more
immense (Kumar et al., 2016).
Sludge generated from WWTPs contains many contaminants of concern. Conventional
disposal of sewage sludge involves a secondary treatment facility such as landfill (Sosnowski
et al., 2003). In anaerobic digesters in WWTPs, sludge can be hydrolysed and degraded in a
8

more efficient way. Moreover, AD can simultaneously minimise the volume (Liu et al., 2016)
and mass of sludge waste (2/3 mass reduction compared to aerobic treatment methods)
(Meyer & Edwards, 2014). At the same time, COD, total suspended solid (TSS), VS,
nitrogen, and phosphorus can be effectively removed from sludge. The stabilised sludge can
then be returned to the environment via land application or direct discharge without soil or
water pollution. Stabilised biosolids is also a valuable resource and can be used for
agriculture production and soil reclamation (Armstrong et al., 2017).
AD can effectively reduce the greenhouse gases (GHGs) emissions by effective reuse of the
biogas. Wastewater treatment accounts for significant GHGs emission. For example, Pritima
(2016) reported that the net daily GHGs emissions of WWTP in Delhi were accounted at
5.55Gg CO2-eq. GHGs including carbon dioxide, methane, and nitrous oxide can be generated
during the disposal process in WWTPs. Therefore, biogas production from sewage sludge
followed by methane utilisation will significantly decrease the overall GHG emission from
wastewater treatment. With methane recovery in the AD process, biomethane can be
collected and controlled for the use of energy generation (Kangle et al., 2012). In CHP, the
collected biogas is processed as the replacement of fossil fuels to generate electricity and heat
due to the heating value of methane of 35,793 kJ/m3 at standard temperature and pressure
(Rincón et al., 2016).
The accumulation of inhibitory intermediates or compounds is one of the major issues, which
affects AD performance and system stability. These inhibitory intermediates or compounds
include VFAs, free ammonia, hydrogen sulphide, and heavy metals (Athanasoulia et al.,
2012). Since mono-digestion is a single substrate system, system stability highly depends on
the feedstock (OLR, concentration of nitrogen, sulphate, or heavy metals). The negative
feedstock components can affect the performance. For example, organic fraction of municipal
solid waste contains a higher concentration of heavy metals, while animal manures have low
9

organic content whereas high concentration of nitrogen (Shen et al., 2015). These inhibitions
can diminish the activity of functional microorganisms and eventually lead to a system
failure. For instance, the methanogenic archaea activity will decrease 10% with an ammonia
concentration of 170-3720 mg/L, decrease 50% at 4090-5550 mg/L and totally lose activity
around ammonia concentration of 6000 mg/L (Lay et al., 1998).
First order kinetics is noted as one of the most common used models in AD to describe VS
reduction and methane yield during AD process. By first order kinetics, the hydrolysis rate of
the organic matters and the cumulated methane production can be calculated (Zhen et al.,
2016).The VS reduction as a function of hydraulic retention time (HRT) can be deducted
based on Angelidaki et al. (2009) and Li et al. (2016). Therefore, it is possible to model VS
reduction as a function of time as:
𝑑𝑉𝑆𝑇
𝑑𝑡

= −𝐾ℎ,𝑇 𝑉𝑆𝑇

(1)

Where, 𝑉𝑆𝑇 is the total VS of substrate (g/L); t is the time and Kh,T is hydrolysis rate constant
for all organic matters including biodegradable and non-biodegradable substrates (day-1).
Similarly, for biodegradable substrate the VS reduction as a function of time can be written
as:
𝑑𝑉𝑆𝐵
𝑑𝑡

= −𝐾ℎ,𝐵 𝑉𝑆𝐵

(2)

Where, 𝑉𝑆𝐵 is the total VS of substrate (g/L); t is the time (day) and Kh,B is
hydrolysis rate constant for biodegradable organic matters (day-1).
After separated and integrated the variables, equation (1) and (2) can be written as:
𝑉𝑆𝑇,𝑡 = 𝑉𝑆𝑇,0 ∙ exp(−𝐾ℎ,𝑇 ∙ 𝑡)

(3)

𝑉𝑆𝐵,𝑡 = 𝑉𝑆𝐵,0 ∙ exp(−𝐾ℎ,𝐵 ∙ 𝑡)

(4)
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Where, VST,t is the total VS at time t (g/L); 𝑉𝑆𝑇,0 is the initial VS from the influent (g/L);
𝑉𝑆𝐵,𝑡 is the biodegradable VS at time t (g/L); 𝑉𝑆𝐵,0 is the initial biodegradable VS (g/L).
When considering methane production, the equation can be written as:
𝐵∞ −𝐵𝑡

ln (

𝐵∞

) = −𝐾ℎ,𝑚 ∙ 𝑡

(5)

Where, 𝐵∞ is the total methane yield at ultimate time (L); 𝐵𝑡 is the methane yield at time t
(L); 𝐾ℎ,𝑚 is the hydrolysis retention time for methane production (day-1).
The slow degradation rate is another problem in the AD process. AD has single substrate so
that the reaction rate is mainly determined by the characteristics of feedstock. Hydrolysing
activity rate affects directly on digestion procedure. Therefore, slow degradation phenomenon
often occurs when feedstock has inappropriate nutrition content. When VS/TS ratio is lower
than 50%, the degradation rate will be decreased to 25-35% (Liu et al., 2016). Moreover, the
lignocellulosic components in the substrate likewise affect the biodegradation performance.
Cellulose is one of the most prevalent biopolymers on earth and it is also a significant
composition in solid waste (Jeihanipour et al., 2011). Long HRT requires a larger volume of
digesters and consequently this will result in an additional expense.
Biogas quality directly links to the energy production and system performance. The overall
biogas quality is affected by methane content, which governs the energy content in biogas.
However, as noted above, biogas also contains other compounds and chemical substances
including carbon monoxide, ammonia, siloxanes, aliphatic, aromatic hydrocarbons, and trace
heavy metals. Some of these substances will have negative impact and cause damage to the
downstream equipment. For example, hydrogen sulphide can result in metal corrosion in
WWTPs piping networks. The generated gas-phase hydrogen sulphide is transferred to pipe
networks and can be transformed into sulphuric acid with biological oxidation. The latter
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sulphuric acid can be absorbed in the condensation layer and causing corrosion to the
exposed pipe surface (Jiang et al., 2014). The abrasive microcrystalline silica which has
chemical and physical properties similar to those of glass can cause serious damage to gas
engines, heat exchangers and catalytic exhaust gas treatment systems (Dewil et al.,
2006)Therefore, the particular components have to be removed before utilising in CHP
equipment or transferring into the pipeline network (Shen et al., 2015).
Biosolids are the dewatered digestate from the AD process. The nutrient contents in sewage
sludge contribute to an increased effort to recycle biosolids for the land use. Biosolids have
been used in land application. However, concern about environmental impacts, odour
problems, and the risk of spreading diseases (health) are still the major challenge in its
application (Robinson et al., 2012). Thus, environmental regulations governing the
management of biosolids have become more stringent (Edward et al., 2015).

2.2 Anaerobic co-digestion
AcoD is an AD process treating simultaneously two or more substrates (Mata-Alvarez et al.,
2014). A notable increase in methane production can be expected when the substrate mixture
has a desirable carbon to nitrogen ratio (C/N ratio) due to the synergistic effects (Panpong et
al., 2014b). AcoD process can achieve a better economic viability when it reaches a stable
operation (Mata-Alvarez et al., 2014). AcoD has several advantages including diluting toxic
compounds, improving nutrition balance, and increased loading of the biodegradable organic
matter (Sosnowski et al., 2003). Despite of these benefits, there remains drawbacks such as
microorganism inhibition, substrate availability and transportation restriction (Long et al.,
2012).
AcoD can improve treatment performance and enhance nutrition balance in digesters, thus
increasing biomethane production. Nutrition balance in AD is determined by the components
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in the feedstock. It is often limited by the single substrate in AD. For example, sewage sludge
has a low C/N ratio between 6-9 (Liu et al., 2016). This low C/N ratio can affect negatively
on AD performance. After supplying carbon-rich co-substrates to the system, a better C/N
ratio can be achieved (Kangle et al., 2012). This ratio (20-30/1) is more conducive to methane
production. Via AcoD, i.e. adding additional substrate to AD process, many problems from
AD can be overcome and higher digestion efficiency can be achieved simultaneously. Many
researches and studies have proved that the correct mixture of substrates can increase the
biomethane production. By achieving the optimal C/N ratio, co-digestion can offer better
growing conditions for methanogens.
AcoD can offer economic benefits via effective utilization of increased methane and biosolids
production, depending on the biosolids quality. In general, the generated biosolids contain a
higher nutrition content and can be reused in agricultural area as a fertiliser (Esposito et al.,
2012). Meanwhile, with the enhanced biogas yield, the generated energy can be used on-site
to offset the energy demand (Kumar et al., 2016). For example, by adding fat, oil, and grease
(FOG) to anaerobic digesters can largely increase biogas yield (81.9% gas increase with
grease trap waste 28.1%-30.4% by volume loading rate (Bailey, 2007), over 50% biogas
increase with a loading rate of 143,000 gallons grease trap waste per month (Cockrell, 2007),
32.4% digester gas increase with grease trap waste 9.5% by volume loading rate (Muller et
al., 2010), and may offset over 50% of electricity demand in WWTPs (Long et al., 2012).
However, process inhibition during AcoD can lead to system failure. For example, a high
OLR may pose an overloading issue. Overloading can lead to an accumulation of VFAs and a
low pH, resulting in process inhibition and system failure (Mata-Alvarez et al., 2014).
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2.3 Operating conditions
The C/N ratio indicates the nutrient level in the digestion substrate and suggests a sensitive
relationship to AD process. Substrates with low C/N ratio have more risks in resulting
ammonia inhibition, which is poisonous to the methanogenic microorganisms and leads to the
carbon source insufficient utilization. However, exceedingly high C/N ratio in the substrates
will raise the risk including low protein solubilisation rate and total ammonia nitrogen or fatty
acids concentration in the process (Mao et al., 2015). Thus, the insufficiency of nitrogen will
result in a fast nitrogen degradation and reduce the biogas production. According to the
literature (Dioha et al., 2013; Puñal et al., 2000; Yen & Brune, 2007; Zhang et al., 2013), the
most commonly used optimal C/N ratio is classified between 20-30 or 20-35 and ammonia
inhibition can be avoided under the optimum conditions. It is noteworthy that carbohydrates
can be used to balance the C/N ratio via AcoD. Thus, the protein conversion and protease
activity of sludge also can be enhanced via adding such matters (Yen & Brune, 2007).
However, Hills (1979) reported that economic sustainability is a corresponding problem for
booming the biogas yield in large-scale applications. Urea or glucose was found to be an
ideal co-substrate to adjust the C/N ratio and exhibit a maximum methane production in
digesting swine manure (Dennis & David, 1978; Hills, 1979). Although synergistic effect and
the effective dilution of toxic compounds was observed in the co-digestion of agriculture
waste with manure, Mao et al. (2015) also reported significant ammonia inhibitions occurred
with a C/N ratio of 15 and 20 at 35 °C and 55 °C. Highest biogas production (341 mL/g of
VS added) was obtained by co-digesting swine manure with corn straw at a C/N ratio of 25.
Similarly, the cumulative biogas yield approximately tripled at C/N ratios of 25:1 and 30:1
compared with that at a C/N ratio of 15:1 (Wang et al., 2014; Wu et al., 2010).
The pH dependency of AD relates to the enzymatic reactions of which microorganisms
involved in the process, such as Bacteroidetes and Firmicutes (Venkiteshwaran et al., 2015).
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The optimum pH range can be various among different species of enzyme. Kangle et al.
(2012) reported a minimum pH value, which 6.2 is required for the methanogens. However,
according to the literature (Hagos et al., 2017; Liu et al., 2008; Rajeshwari et al., 2000), the
optimum range for AD is between 6.8 and 7.2. A significant reduction of methanogens
growth is observed when the pH collapse below 6.8 (Neshat et al., 2017). The acidification
caused by the presence and accumulation of VFAs in the lag phase can lead to some adverse
effects including descend the pH, reduce the methane yield and cause the failure of AD.
Additionally, the pH can be significantly impacted by the carbonic acids which come from
excessive gas-phased CO2 (Neshat et al., 2017). Alkali chemicals as NaOH and CaCO3 can
be used to neutralise the pH and increase the stability. However, other problems such as Na+
inhibition can occur with the mixing in of extra chemicals (Aboudi et al., 2015). In contrast,
the high alkalinity for high pH is considered to be the result of granules disintegration, which
also affects negatively on the methane production (Neshat et al., 2017). However, the
optimum pH range depends significantly on the co-substrate in AcoD. Bah et al.
(2014) investigated the effect of pH in the range of 6.9–8.9 on the AcoD of palm pressed
fibre and cattle manure to obtain the best condition for activity of methanogenic
microorganisms. The highest methane production was achieved with an optimum pH range of
6.8-7.0. Cheng and Zhong (2014) reported the optimum pH for AcoD of cotton stalk with
cattle manure is determined at 6.5. Although the concentration of VFAs were observed much
higher than that in the mono-digestion, the pH maintained constantly because of the high
buffering capacity of manure. Furthermore, Zhai et al. (2015) examined the effect of AcoD
with kitchen wastes and cow manure and pH at 7.5 was reported as the optimum pH for the
experiments.
As another key factor to cause an inhibition in the AD process, ammonia is the product in
biological degrading nitrogenous matter, which most commonly refers to the proteins and
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urea (Kayhanian, 1999). Ammonia in AD system is in two forms of chemical speciation:
NH4+ and NH3. It is reported that NH3 is the primary cause of process inhibition. Ammonia
inhibition has several mechanisms including the change in the intracellular pH, the rise in the
requirement of maintenance energy, and inhibition of specific enzyme reactions (Wong &
Cheung, 1995). High ammonia concentration can inhibit the microbial activity due to its
toxicity and can result in an accumulation of intermediate products such as VFAs (Díaz et al.,
2011; Luostarinen et al., 2011; Nkoa, 2014). Methanogens are the least tolerant and the most
likely microorganisms to be inhibited by ammonia (Kayhanian, 1994), which the most
sensitive methanogen – methanospirillum hungatei can be inhibited at an ammonia
concentration of 4.2 g/L (Jarrell et al., 1987). It is noteworthy that pH plays an important role
in ammonia speciation. The increase in pH will lead to an increase in the toxicity. This is
because more NH3 form ammonia will usually be accumulated from the NH4+ at high pH.
However, the process instability due to ammonia is often considered a cause of the
accumulation of fatty acids, which again will result in a pH decrease. This leads directly to
the form of the “inhibited steady state”, which process can reach the steady stage but exhibits
a low biogas production (Angelidaki & Ahring, 1993; Chen et al., 2008). Moreover,
temperature also affects the speciation of ammonia, since higher temperature can result in the
increase in the NH3 concentration. According to the literature (Braun et al., 1981; Parkin et
al., 1983), it is more risky of inhibition and less stable at thermophilic temperatures compared
with mesophilic temperatures when digesting wastes with high ammonia concentration. For
example, the decrease in operating temperature from 60 °C to 37 °C when digesting with
high ammonia concentration resulted in a significant reduction in the NH3 concentration and
an increase in the biogas production (Angelidaki & Ahring, 1994; Hansen et al., 1999).
Alkalinity is often referred as the buffering capacity, which is the equilibrium of bicarbonate
ion and carbon dioxide that tend to provide resistance to a sudden pH change and could
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neutralize the acid in AD system (Ward et al., 2008). In the digesters, alkalinity represents
the existence of carbonate, bicarbonate, and hydroxide (Kangle et al., 2012), which mainly
the proportion of the bicarbonate concentration. It is noteworthy that alkalinity can be used as
an indicator of the system stability, which is a more reliable method of measuring the
imbalance of digesters compared with measuring pH. This is because a significant reduction
in buffering capacity due to the accumulated short chain fatty acids is often observed prior to
the decrease in pH (Ward et al., 2008). For example, Puhakka (Puhakka et al., 1992) reported
a system instability caused by the accumulation of fatty acids had a VA/ALK ratio up to 0.55,
while the pH was still measured around 6.8. Low alkalinity can be recovered by reducing the
OLR, although a rapid method is adding strong bases or carbonate salts to convert the gas
phase CO2 into bicarbonate, or via the addition of bicarbonate directly (Guwy et al., 1997).
OLR is expressed as the mass of organic components, which retains in AD digester over a
period. OLR can affect biological reactions and thus the overall system performance (Torkian
et al., 2003). In a batch process, organic loading can be defined as the ratio of either VS or
COD content over volume. In a continuous process, the retention time is taken into account
and the OLR can be used instead. Typical OLRs range from 0.5 to 3 kg VS/m3/d for AD with
sewage sludge (Poliafico, 2009). The maximum OLR value or OLR boundary value can be
evaluated from the system performance (Gou et al., 2014). For example, the performance
concludes a sudden decrease of biogas production, a significant decrease on methane yield
and VS removal efficiency or VFAs accumulation. Low OLR corresponds to a low biogas
production. However, exceeding OLR will result in the accumulation of VFAs that leads to
process inhibition. Within the optimal range of OLR, biogas production increases with the
rise of OLR adding into the system. In practice, organic loading is a key parameter in the
continuous operation of AcoD (Mata-Alvarez et al., 2014). Mono-digestion of sewage sludge
at WWTPs is usually operated at an OLR of less than 1 kg VS/(m3.d) (Nghiem et al., 2017).
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On the other hand, given the high organic content of the co-substrate (particularly food
waste), AcoD is operated at a much higher OLR value of up to 4.6 kg VS/(m3.d) (Nghiem et
al., 2017; Zhang & Jahng, 2012), which may result in operational stability issues. Therefore,
in terms of treatment efficiency and process stability, many dedicated efforts have been
devoted to exploring the optimum organic loading for AcoD operation (Agyeman & Tao,
2014; Aramrueang et al., 2016; Li et al., 2015; Paudel et al., In Press).
The retention time refers to the time required to complete the biodegradation of the organic
matters. Serious concerns over the process temperature, the composition of substrates, and
OLR required significant attention, which related to the growth rate of microorganisms. The
retention time can be summarised as the average time bacteria spend in the digesters, solid
retention time (SRT) and HRT, which can be defined as follows:
𝑉

𝐻𝑅𝑇 = 𝑄 (6)
Where V is volume of the biological digester, and Q is the flow rate of influent as a function
of time.
Typical HRT for anaerobic digesters ranges between 14-30 days, while HRT may change
with different types of digestions. For example, for mesophilic digestion, HRT is around 1040 d, while thermophilic digestion has a shorter HRT. For AD, short HRT will result in a low
degradation rate (Kangle et al., 2012) and the VFA accumulation. On the other hand, longer
HRT can result in a higher contamination removal efficiency, but it results in insufficient
utilization of digester components and requires an additional volume of digester and
correspondingly much higher cost (Luostarinen et al., 2011). Kwietniewska E et al. (2014)
reported low methane yield was observed with an HRT below 10 days. Thus, the system
stability reduced at an HRT of 8 days when digesting food waste (Kim et al., 2006). It is
noteworthy that a low OLR and a long HRT are an useful strategy towards the maximal and
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constant methane productivity (Mao et al., 2015). Similarly, from the literature (Bolzonella et
al., 2005), increasing SRT from 10 to 20 days resulted over 25% decrease in the specific
methane yield when digesting WAS. Optimum SRT was obtained at 12 days, in which the
biogas production was observed threefold than that with a SRT at 35 days. System instability
occurred at 9-day SRT when digesting dewatered sewage sludge due to the accumulation of
VFA (Nges & Liu, 2010).
Temperature affects the physicochemical properties of substrates as well as kinetics and
thermodynamics performance of AD system (Kangle et al., 2012). At mesophilic conditions,
the optimal range of temperature is 30-38 °C with a surrounding temperature of 20-45 °C. At
thermophilic conditions, the optimal temperature ranges from 49-57 °C. Thus, temperature
change affects the microbial growth rate and have a further impact on the biogas productivity
and the organic waste biodegradation (Chen et al., 2008). Although increase the operating
temperature have the advantage of higher reaction rate and higher biogas productivity (Mao
et al., 2015). However, it may lead to some corresponding problems. These problems include
sludge acidification, stability decrease, effluent quality decrease, and the energy cost
increase. On the other hand, the decrease in temperature can cause other issues including the
decrease in ammonia concentration, substrate utilization rate, biogas yield, and increase the
lag phase (Bowen et al., 2014). The temperature needs to be controlled thoroughly to ensure
the smoothness of the operation.
Synergistic effect occurs when digesters contain two or more substrates, which produce a
better performance than the sum of substrates’ individual performance. It is mainly
contributed to more balanced nutrients and increased buffering capacity (Li et al., 2011) and
often occurred in methanogenesis stage rather than hydrolysis stage (Zhen et al., 2016). The
synergistic effect was dependent on the OLR. In the lab-scale, OLR can be controlled in
AcoD by changing substrate to co-substrate VS ratio when adding them into digesters. Thus,
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the synergistic effect can be evaluated under this circumstance. For example, Zhen (2016)
mixed algae with food waste by different mixing VS ratio. Its biogas production increased
from 30% to 54% because of synergistic effect. Similarly, 39% additional biogas yield was
achieved when co-digesting daily manure with switch grass with a VS ratio of 2:2 (Zheng et
al., 2015). However, AcoD can have an adverse effect. Biogas yield and VS removal
efficiency decrease when exceeding OLR is added to the system (Gou et al., 2014). For
example, methane production decreased 43% when increasing OLR from 1 to 6 g VS/L/d.
2.4 Practical applications
AD has been widely applied as a mature technology in the past decade, in particular, in the
large-scale WWTPs to treat sewage sludge due to its benign environmental impacts when
treating organic waste (Yuan & Zhu, 2016). In addition to sewage sludge treatment, the AD
technology has also been practically employed for agricultural use, biowastes treatment, and
industrial use (Edward et al., 2015). For example, in Germany, there are over 9000 active AD
facilities, more than 7000 of them use agricultural feed stocks (Edward et al., 2015).
The generated biogas can be used on-site via CHP technology for heat or electricity
generation. Although it can be of a great economic benefit from the energy saving, the scale
of the AD plant constraints the CHP applications. For small-scale biogas plants, it is not
economically beneficial to purchase and install CHP units due to a low biogas production
capacity and a high equipment purchase cost (David, 2013). Indeed, most small scale AD
facilities do not utilise biogas for energy generation (Edward et al., 2015). In Australia, the
produced bioenergy only occupies 0.05% of overall electricity consumption (Edward et al.,
2015). AcoD processes have been proved to significantly increase the biogas yield and
generate biosolids with higher nutrition content simultaneously, thus leading to the
enhancement of methane production kinetics (Xie et al., 2016). In European, enhanced biogas
production has been realised by adding co-substrates including animal manure and other
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biosolids as a mandatory implementation in National Action Plants at a level of Member
States (Pantaleo et al., 2013). However, the safety and the reliability of the generated
biosolids are still of public concern. More investigations are required to prove biosolids are
qualified and safely for commercial or agriculture use at pilot-scale to facilitate the full-scale
implementation of AD and AcoD.
2.4.1 Main waste streams
Population growth has led to an increase in organic waste generation. Nearly half of
household waste in Australia are organic materials (Australian Bureau of Statistics, 2013).
The large amount of organic wastes has posed significant pressure on the environment.
Inadequate treatment or improper disposal of these organic wastes can pose several negative
impacts. For example, the toxic components in organic wastes are poisonous to soil and
groundwater, which can cause inhibitions to the plant growth (Seçer et al., 2016) and affect
the ecosystems by changing the structure of bacterial communities (Brito et al., 2015).
Additionally, organic waste occupies the landfill space and generates a great amount of
GHGs emissions along its disposal. Thus, the ground water be contaminated by the leachate
(Akinbile & Yusoff, 2011).
Food waste accounts for the dominate fraction of organic waste. In general, food waste
consists of 10-30% readily biodegradable organic materials (Ratanatamskul & Manpetch,
2016; Zhang et al., 2016; Zhang et al., 2007). The typical characteristics of food waste are as
follows: pH 5.6, TS 21.6 %, VS 20.8%, total COD 1.3-1.4 g COD·g TS−1, and C:N 16.3:1
(Capson-Tojo et al., 2017). Large amount of food waste is generated from domestic and
commercial kitchens, cafeterias, and restaurants. According to Kiran (2014), 82.80 million
tonnes of food waste are produced in China every year. Food waste is also the main cause of
odour, toxic gas production, and groundwater contamination, which posed great threat to the
environment if managed improperly. On the other hand, food waste contains high organic
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fractions such as carbohydrate, protein, and lipids, which is an ideal source in the post AD
treatment for its rich in energy characteristics (Nghiem et al., 2017; Wickham et al., 2016;
Xie et al., 2017). AD can be a promising technology for the food waste disposal with the
advantages including reduction in food waste volume and mass, elimination of pathogen, and
production of valuable by-products such as short-chain fatty acids and methane (Zhao et al.,
2017).
2.4.2 AcoD practice at WWTPs
AcoD has an immense potential at WWTPs. Co-digestion of wastewater sludge with food
waste can provide an economic benefits to the water stakeholders and bring a range of
environmental benefits (Xie et al., 2016). However, the full-scale application in WWTPs
faces many fundamental and technical challenges. These challenges include inert impurities
and feed stock handling, additional process, and monitoring requirements, and downstream
managements.
Up to 20% of the inert materials can be found in the food waste, which cannot be digestible
(Nghiem et al., 2017). The disposal of these non-digestible materials often leads to a
significant cost increase. Moreover, only a fraction of these inert materials can be removed
via sorting. These inert impurities remain in the small particle size as part of the food waste
slurry. The most feasible methods considered for removing these fine materials are via
sedimentation or floatation. However, this can lead to additional lost in biodegradable
material. Moreover, some of the inert impurities such as seashells and bone fragments are
sharp and abrasive, which can be a threat of wounding or tearing the pumps and other
equipment (Nghiem et al., 2017).
AcoD can utilise the infrastructure at existing WWTPs without a major capital investment,
while there are still some additional facilities requirements for waste processing and storage,
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inert solids removal, off-gas treatment, sludge centrate treatment, biosolids dehydrating, and
biogas purification (Nghiem et al., 2017). For example, managing the large and variable flow
rate of the generated biogas can be problematic if the storage facilities are not readily
available.
The monitoring system for AcoD requires complex arrangements in large-scale application,
which often refers to an unacceptable cost (Björnsson et al., 2000). Nowadays, the anaerobic
digesters are designed and constructed very elementary and the anaerobic microbial processes
are usually poorly monitored. Consequently, these AD facilities often operate with low OLRs
and have correspondingly low working efficiencies in order to avoid the organic overloading.
The more commonly used methods in monitoring the AcoD process conclude the
measurements of pH, COD, VFA, alkalinity, and the biogas yield and compositions.
However, the configuration of the process and the various characteristics among different
waste co-substrates make using the potential of one specific parameter as an indicator to be a
more challenging task. It is often troublesome to precisely monitor the microorganisms in the
process and usually cannot be generally applicable (Björnsson et al., 2000).
In addition, managing the impact on the downstream process including biosolids odour,
dewaterability, biogas quality, and nutrient build-up also requires additionally attentions. For
example, the adsorption nutrition will result in the sludge sedimentation and floatation, which
will cause a further loss of the effective bacteria (Mata-Alvarez et al., 2014). Thus, the
dewaterability of AcoD effluent depends highly on the substrate characteristics.
Dewaterability of the biosolids associated with the volume of biosolids for disposal and the
beneficial reuse, which direct link the economical balance with disposal cost on WWTPs.
Hence, it is important to manage the AcoD process appropriately in order to optimum the
economical balance.
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In the last couple of years, although there is a rapid increase in the number of the lab-scale
studies to explore the AcoD performance (Mata-Alvarez et al., 2014), the pilot-scale and fullscale studies are very limited. In addition, waste materials have varied quality and
compositions during full-scale operation compared to the lab-scale experiments. Thus,
advance in solid knowledge and engineering experience derived from pilot-scale
experimental results is imperative prior to the full-scale application.
2.5 Summary
AD has been a mature technology in the past decades. Previous studies have focused on the
performance in AcoD in terms of biogas potential and biosolids management using various
species of co-substrates. Among these valuable co-substrates, food waste can be regarded as
an ideal co-substrate due to its highly biodegradable organic content and high specific
methane yield. However, the synergistic and antagonistic effect of AcoD under various
organic loadings remains unclear. Thus, although AcoD have been widely applied, there
remains issues including the discrepancy between environmental advantages and the
economical values of AcoD, the uncertainty in collecting gate fees, difficulties in biogas
utilisation, food collection, food processing and handling, post impacts of the produced
biosolids, and the experience insufficiency in designing and operating the AcoD systems.
Additionally, the concept of AcoD at WWTPs is still relatively stage-of-the-art in Australia.
Accordingly, pilot-scale evaluation is essential to successful implementation of AcoD at fullscale WWTP plants.
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3. Synergistic/Antagonistic Effects and Organic Loading Rate
3.1 Introduction
AD is the most widely used technology for sewage sludge treatment. AD is a multi-stage
biological process to convert organic materials to biogas and stabilised biosolids in the
absence of oxygen (Mata-Alvarez et al., 2014). The role of AD has become even more
significant given the recent paradigm shift toward a circular economy in which sludge and
organic wastes can be utilised as a renewable resource of energy and nutrients through AcoD
(Mata-Alvarez et al., 2014). AcoD can utilise the infrastructure at existing WWTPs without a
major capital investment (Nghiem et al., 2017). A significant increase in methane production
can be achieved when the mixture of substrates has a balanced composition of carbon source,
nutrients, and trace elements (Panpong et al., 2014b). The economic benefits from AcoD can
be realised through gate fee revenue from organic wastes and bioenergy generation (Xie et
al., 2016). In terms of environmental benefits, AcoD can divert the organic waste from the
landfills and eliminate the greenhouse gas emissions at the same time (Nghiem et al., 2014;
Xie et al., 2016) and other as discussed in section 2.2.
Many organic wastes are available for AcoD operation. Among them, food waste is arguably
the most abundant substrate that is also rich in energy (i.e. carbon) and nutrient content (Thi
et al., 2016). Given the high organic content of food waste, AD has been identified as an ideal
solution for energy recovery from food waste. In addition to the many benefits of AcoD
discussed above, there have been several reports of the synergistic effect when sewage sludge
is co-digested with organic-rich substrates, particularly food waste (Fernández et al., 2005;
Khairuddin et al., 2015; Panpong et al., 2014a; Xie et al., 2017). This synergistic effect is
defined as an increase methane yield compared to mono-digestion by per unit VS or COD
input. However, data currently available in the literature are rather inconsistent. Antagonistic
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and neutral effects have also been observed during AcoD of sewage sludge and organic
wastes. Silvestre et al. (2014) reported a decrease in methane production by more than 40%
during thermophilic AcoD of sewage sludge and grease waste when the content of grease
waste increased from 27 to 37% at the same organic loading. Their results demonstrate an
antagonistic effect possibly due to fatty acid inhibition (Silvestre et al., 2014). In another
study, Silvestre et al. (2015) did not observe any changes in the specific methane yield during
mesophilic AcoD of sewage sludge and crude glycerol at more than 1% (v/v) co-substrate
addition. Given the inconsistency in the literature regarding synergistic effect during AcoD, it
is hypothesised here that organic loading can play a major role in governing the specific
methane yield.
The aim of this study is to explore the relationship between organic loading and the
synergistic effects during AcoD of sewage sludge and food waste through biomethane
potential (BMP) evaluation. The specific objectives include (i) evaluating the process
performance and stability from TS, VS, and soluble COD removal, (ii) determining Kh based
on the reaction kinetics, (iii) appraising the biomethane yield and the synergistic effect at
various organic loadings.

3.2 Materials and methods
3.2.1 Substrate characterization
Digestate and primary sludge samples were obtained from a full-scale WWTP in Wollongong
and used as the inoculum and substrate respectively. Adult dog food from Optimum was used
to simulate food waste. The Optimum dog food (beef & rice) contains mainly protein,
carbohydrate, and fat. The sludge phase food waste is mixed evenly with sewage sludge and
digested sludge under each experimental circumstance. All substrates and inoculum were
stored at 4 °C for less than 3 days prior to the BMP evaluation.
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3.2.2 BMP assays
Food waste and sewage sludge were co-digested using a custom-built BMP system. The BMP
system consisted of an array of 1000 mL volume fermentation glass bottles (Wiltronics
Research Pty Ltd) and gas collection galleries as shown in Figure 2 (Nghiem et al., 2014).
Each bottle was submerged in a water bath (Model SWB20D, Ratek Instrument Pty Ltd)
which constantly maintained the temperature at 35.0  0.1 C. Each setup of fermentation
bottle consisted of a rubber stopper, S-shaped airlock, and soft tubes, which connect to a gas
valve to the gas collection gallery and sampling valve for taking samples. The S-shaped
airlock can maintain the substrates under an anaerobic condition by allowing the releasement
of biogas produced in the fermentation bottle while preventing any intrusion of air into the
system. The gas collector consists of a 1000 mL volume plastic cylinder and a plastic
container, which both filled up with 1 M sodium hydroxide solution to ensure the gathered
biomethane free from the disturbance of carbon dioxide and hydrogen sulphide.

Figure 2 (a) Photograph and (b) Schematic diagram of the BMP test equipment including
water bath, BMP bottle, and gas collection gallery
Prior to the BMP evaluation, all the fermentation bottles were flushed with N2 for 5 min
before the immediate filling of co-substrates and inoculum as introduced in section 3.2.1.
Organic loading was calculated based on the initial VS content in each BMP bottle (Table 1).
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All BMP experiments were conducted in duplicate.
Two BMP bottles were filled with only inoculum and used as the reference. Mono-digestion
was simulated by filling the BMP bottles with inoculum and either sewage sludge or food
waste. Co-digestion was simulated by filling the BMP bottles with inoculum, sewage sludge,
and food waste. The active volume of all BMP bottles was 750 mL, which consisted of 450
mL of inoculum and a specified amount of substrate as noted in Table 1. When the substrate
volume was less than 300 mL, Milli-Q water was added to obtain the total volume of 750
mL.
After filling with inoculum and substrates, the BMP bottles were flushed with N2 again,
sealed with rubber stopper instantly, and placed in the water bath, which was maintained at
35 °C. The gas valves were then opened to allow biogas from entering to the gas collection
gallery. The BMP experiments were terminated when the daily methane production during
three consecutive days was less than 10 mL. All BMP bottles were mixed manually twice a
day.
The BMP protocol used in this study is broadly consistent with the standard procedure
recommended by Holliger et al., (Holliger et al., 2016). However, it is noted that in this
study, the inoculum to substrate (I/S) ratio was not constant to simulate varying organic
loading at a constant reactor volume.
Table 1 Operating conditions of batch experiments with 450 mL inoculum and the total
volume of 750 mL.
Mono-digestion

Co-digestion
FW30 +

SS

FW20

FW110 +

FW150 +

SS

SS

FW70 + SS
SS
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Organic loading
(kg VS/m3)

5.67

3.56

8.17

15.29

22.4

29.52

I/S ratio

1.53:1

2.44:1

1.06:1

0.57:1

0.39:1

0.29:1

SS: sewage sludge (300g); FW20: 20 g food waste; FW30 + SS: 30 g food waste and 150 g
sewage sludge; FW70 + SS: 70 g food waste and 150 g sewage sludge; FW110 + SS: 110 g food
waste and 150 g sewage sludge; FW150 + SS: 150 g food waste and 150 g sewage sludge. Wet
weight is used for the calculation in each assay.
3.2.3 First order kinetics
3.2.3.1 Biomethane production
Methane productivity was calculated and the cumulative methane yield was simulated with
modified Gompertz model in Eq. (7):
𝑀 = 𝑃𝑒𝑥𝑝{− 𝑒𝑥𝑝 [

𝑒𝑅𝑚𝑎𝑥 (𝜆−𝑡)
𝑃

+ 1]}

(7)

Where P is the maximum methane potential (mL); M is the cumulative methane production
(mL); Rmax is the maximum methane production rate (mL/d); λ is the lag phase (d); e is
Euler’s number (≈2.71828); and t is the time (d).
3.2.3.2 Hydrolysis process
Kh reflects the rate of the hydrolysis stage and depends highly on the addition of co-substrate,
and operating conditions (Xie et al., 2017). It can be directly calculated using the net
cumulative biogas yield by applying the equation as follows:
𝑃−𝑀

𝐿𝑛 (

𝑃

) = −𝐾ℎ 𝑡

(8)

Where, 𝑃 is the total methane yield at ultimate time (mL); 𝑀 is the methane yield at time t
(mL); 𝐾ℎ,𝑚 is the hydrolysis retention time for methane production (day-1).
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Non-linear fitting of the biomethane production based on Eq. (7) and linear regression of
Ln[(P-M)/P] against time (t) based on Eq. (8) were conducted using the IBM SPSS software
package (version 23.0) to determine λ and Kh, respectively. Eq. (8) is based on the
assumption that hydrolysis is the limiting step and all COD was converted to methane. Thus,
in this study, Kh was obtained from the initial period when the accumulation of COD has not
occurred. The p-value less than 0.05 are considered statistically significant.

3.2.4 Analytical methods
Liquid sample of 1 mL was taken from each BMP bottle periodically using a 5-mL syringe.
All the samples were stored at 4 °C to avoid further digestion in the samples. The total
volume of these taken samples occupied less than 1.5% of the initial total volume to minimise
the impact of further digestion performance in the BMP bottle. Samples were diluted to 5 mL
and 10 mL respectively for the pH and total COD measurements. The dilution factor was
taken into account to back calculate the actual pH value of the initial sample. After pH and
total COD measurements, samples were further diluted to a total volume of 30 mL followed
by centrifuging at 3750 rpm for 20 min. Then, the supernatant of 15 mL from each sample
was taken and stored at 4 °C for soluble COD and TOA analysis. Total and soluble COD
were measured by a Hach DBR200 COD Reactor and a Hach DR/2000 spectrophotometer
(program number 435 COD HR) according to US-EPA Standard Method 5220. Biomethane
production was recorded at 10 am and 5 pm each day by reading the displacement volume in
the gas collection cylinder. The detailed method for measuring methane yield was explained
in Wickham et al. (2016). TS and VS were measured by following the standard method
2540G (Eaton et al., 2005) within 3 days of sample collections. TOA was conducted
according to the standard distillation method 5560C (Eaton et al., 2005).
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3.2.5 Specific methane yield and removal rate
Thus, the specific methane yield was calculated as:
𝑌𝑠𝑝 =

(𝑌𝑠𝑢𝑏 −𝑌𝑖𝑛 )

(9)

𝑉𝑆𝑎𝑑𝑑𝑒𝑑

Where Ysp is the specific methane yield (mL); Ysub is the total methane production from the
substrate (mL); Yin is the total methane yield from the inoculum, which was 1145 mL, and
VSadded is the mass VS added from the substrate in the BMP bottle (g).
The calculated methane yield from a mixture of sewage sludge and food waste could also be
obtained from the specific methane yield of each individual substrate without taking into
account any synergistic effect:
𝑌𝑐𝑝 =

𝑉𝑆𝐹𝑊 ×𝑌𝐹𝑊 +𝑉𝑆𝑆𝑆 ×𝑌𝑆𝑆

(10)

𝑉𝑆𝐹𝑊 +𝑉𝑆𝑆𝑆

Where Ycp is the calculated methane yield (mL methane/g VSadded); VSFW is the VS added
from the food waste in the co-digestion BMP bottles (g); YFW is the specific methane yield of
mono-digestion of 20 g food waste (mL methane/g VSadded); VSSS is the VS added from the
sewage sludge in the co-digestion bottles; and YSS is the specific methane yield of monodigestion of sewage sludge (mL methane/g VSadded).
The removal rate can be calculated using the following equation (Xie et al., 2017):
𝑅𝑒𝑚𝑜𝑣𝑎𝑙 = 100% ×  (1 −

𝐶𝐶𝑜,𝐸𝑛𝑑 −𝐶𝐼𝑛,𝐸𝑛𝑑
𝐶𝐶𝑜,𝐼𝑛𝑖 −𝐶𝐼𝑛,𝐸𝑛𝑑

)

(11)

Where 𝐶𝐶𝑜,𝐸𝑛𝑑 is the concentration of the substrates in the BMP bottles at the end of the
experiment; 𝐶𝐼𝑛,𝐸𝑛𝑑 is the concentration of inoculum in controls at the ending point; 𝐶𝐶𝑜,𝐼𝑛𝑖
refers to the initial concentration in the co-digestion bottles.

31

3.3 Results and discussion
3.3.1 Substrate characterization
Table 2 Key properties of inoculum, primary sludge, and food waste.
Inoculum

Primary Sludge

Food Waste

TS (%)

2.18 ± 0.01

1.91 ± 0.26

19.69 ± 1.05

VS (%)

1.45 ± 0.03

1.42 ± 0.19

13.34 ± 2.90

VS/TS (%)

66.52

74.14

67.73

pH

7.28 ± 0.01

5.80 ± 0.07

6.44 ± 0.01

Total COD (mg/kg)

16,100 ± 950

21,300 ± 1350

798,000 ± 38,184

Soluble COD (mg/kg)

1,120 ± 66

1,800 ± 114

93,000 ± 2,828

Food waste exhibited distinctive properties compared to sewage sludge in terms of pH, COD
and TS/VS (Table 2). Although the VS/TS ratio of food waste was comparable to that of
sewage sludge, the VS content of food waste was approximately 10 times higher than that of
primary sludge. Most notably, the soluble COD of food waste was almost 40 times higher
than that of primary sludge. The results suggest that much of the organic content of food
waste is readily biodegradable. The inoculum showed a neutral pH. On the other hand,
sewage sludge was slightly acidic, indicating some initial hydrolysis of sewage sludge
(Wickham et al., 2016; Xie et al., 2017). Food waste was also slightly acidic because of the
presence of mainly short-chain acids (Beck-Friis et al., 2001; Sundberg et al., 2004).
3.3.2 Effects of organic loading on specific methane yields
Figure 3 shows cumulative methane yield from each BMP test as a function of time and the
influence of organic loading on specific methane yields. Lag phase can be observed at high
organic loading. It is also apparent that duration of the observed lag phase increased as the
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organic loading increased. In addition, there appears to be an optimum organic loading at
approximately 15 kg VS/m3, corresponding to the co-digestion of 70 g of food waste and 150
g of sewage sludge. At above this value, organic overloading occurred, evidenced by
excessive lag time and insignificant specific methane yields (Figure 3).
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Figure 3 (a) Cumulative methane yield as a function of time and (b) Specific methane yield at
day 48 over various organic loadings. SS: sewage sludge (300g); FW20: 20 g food waste;
FW30 + SS: 30 g food waste and 150 g sewage sludge; FW70 + SS: 70 g food waste and 150
g sewage sludge; FW110 + SS: 110 g food waste and 150 g sewage sludge; FW150 + SS:
150 g food waste and 150 g sewage sludge.
Results presented in Figure 3 also show clear evidence of the synergistic effect of codigestion. Notably higher specific methane yield from the co-digestion between food waste
and sewage sludge at organic loadings of 8 and 15 kg VS/m3, corresponding to FW30 + SS
and FW70 + SS, can be seen in Figure 3 compared to mono-digestion of only food waste. The
total methane production for 30 g and 70 g food waste co-digestion bottles were 3,990 mL
and 7,850 mL, respectively. By comparison, the total methane production from monodigestion of sewage sludge and food waste were 1,050 mL and 1,470 mL. After normalising
by the amount of VS in each BMP test, the specific methane yield increased as the organic
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loading increased up to the optimum value of 15 kg VS/m3. These results demonstrate the
dependence of the synergistic effect of co-digestion on organic loading. It is noteworthy that
the biogas production increased gradually after 35 days indicating that the SRT was also a
key impact factor at high organic loading (29.52 kg VS/m3) due to the acclimation.
Table 3 Measured and calculated specific methane yield (mL methane/g VSadded) at various
organic loadings.
Mono-digestion

Co-digestion

SS

FW20

FW30 + SS FW70 + SS

FW110 + SS

FW150 + SS

5.67

3.56

8.17

15.29

22.4

29.52

246.5

575.4

651.5

684.5

111.5

91.4

246.5

575.4

461.3

514.4

533.8

543.8

Organic loading
3

(kg VS/m )
Measured specific
methane yield
Calculated specific
methane yield
SS: sewage sludge (300g); FW20: 20 g food waste; FW30 + SS: 30 g food waste and 150 g
sewage sludge; FW70 + SS: 70 g food waste and 150 g sewage sludge; FW110 + SS: 110 g
food waste and 150 g sewage sludge; FW150 + SS: 150 g food waste and 150 g sewage
sludge.
Further evidence of the synergistic effect of food waste and sewage sludge co-digestion as
well as the dependence of the synergistic effect of co-digestion on organic loading can also
be seen in Table 3. The specific methane yield of co-digestion between sewage sludge with
either 30 or 70 g experimentally obtained in this study was 30-40% higher than the calculated
value from mono-digestion of each individual substrate by ignoring the synergistic effect (Eq.
10). Organic loading is a major factor under these experimental circumstances. It is noted that
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I/S ratio and pH may also impact the specific methane yields (Hashimoto, 1989; Jayaraj et al.,
2014). By contrast, inhibitions were observed for 110 g and 150 g food waste co-digestion
with sewage sludge due to organic overloading. In these two BMP tests, due to organic
overloading, the specific methane yield was even lower than that from mono-digestion. A
similar phenomenon was reported in a continuous system and the specific methane yield
decreased by 25% when increased the OLR from 2 to 3 kg VS/(m3.d) (Xie et al., 2012). In
terms of microorganism communities, organic overloading has been a major inhibitory
impact on the methanogenic communities (Regueiro et al., 2015). Under an overloading
condition, excessive organic acids can accumulate in the system. Both methanogenic
population and the Syntrophomonadaceae family, which has been identified with the
syntrophic relationship to methanogenic Archaea, decreased significantly due to the
accumulation of VFAs (Kleyböcker et al., 2014; Regueiro et al., 2015). Hence, a retention
time much longer than the period of 48 days in this study would be required to evaluate the
specific methane yield (Holliger et al., 2016).
3.3.3 System performance and stability
3.3.3.1 Intermediate product parameters
System performance and stability can be evaluated by examining intermediate product
parameters including soluble COD and TOA as well as pH value of the digestate. The pH
profile during the entire digestion process is presented in Figure 4a. Subjected to the limited
buffering capacity, pH decreased significantly due to the fast accumulation of the
intermediate acids in hydrolysis and acidogenesis phases. Once the acid production has been
exhausted and the methanogenic process was able to convert organic acid to methane gas, the
pH was recovered to a neutral value. It is noteworthy that pH dropped more rapidly and
significantly for BMP bottles with high organic loading. This observation can be attributed to
the accumulation of intermediate acids due to the slow reaction rate in methanogenesis phase.
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Under this circumstance, the methanogenesis process is considered to be the rate-limiting
step (Ma et al., 2013). The exceedingly accumulated intermediate acids, on the other hand,
led to a longer microbe adaptation time, which is a longer lag phase. For BMP bottles with
low (8 kg VS/m3) or optimal (15 kg VS/m3) organic loading, no observable inhibition was
observed. The pH value decreased but rapidly recovered to neutral (Figure 4). However, pH
was shown a slowly recovering trend at the end of 48 days of experiment (Figure 4a) at high
organic loading (29.52 kg VS/m3). This indicated that the microorganisms was gradually
acclimated the new VFAs rich environment.
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Figure 4 (a) pH and (b) soluble COD concentrations as a function of time in the BMP tests.
SS: sewage sludge (300g); FW20: 20 g food waste; FW30 + SS: 30 g food waste and 150 g
sewage sludge; FW70 + SS: 70 g food waste and 150 g sewage sludge; FW110 + SS: 110 g
food waste and 150 g sewage sludge; FW150 + SS: 150 g food waste and 150 g sewage
sludge.
Soluble COD content in the BMP bottle increased due to the accumulation of organic acids.
A similar observation can be seen with TOA content in all BMP bottles (data not shown). As
noted above, the methanogenesis phase is the rate-limiting step for bottles with high organic
loadings. The highest soluble COD content (38,970 mg/L) was observed in the 150 g food
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waste and sewage sludge bottles (b). On the other hand, soluble COD and TOA contents were
low and stable at low organic loading. In this case, hydrolysis could be considered as the ratelimiting step. It is noteworthy that soluble COD fluctuated in the first 7 days of the reaction
for BMP bottles with organic loading higher than 15 kg VS / m3. It may be the result of a
different hydrolysis rate between readily and slowly biodegradable organics. Thus, the SRT
can be one key impact factor. As shown in Figure 4b, the decrease in soluble COD was
possibly the result of acclimation to the microorganism after a 48-day of operating.
3.3.3.2 Gompertz modelling
Table 4 Performance of mono- and co-digestion with sewage sludge and food waste.
Mono-digestion

Co-digestion

SS

FW20

FW30 + SS

FW70 + SS

P (mL)

1536.0 ± 4.0

1555.7 ± 2.0

3960.5 ± 13.0

8956.4 ± 174.0

Rmax (mL methane/d)

372.9 ± 11.6

227.9 ± 2.5

500.3 ± 12.2

338.0 ± 18.9

Lag phase, λ (day)

0.4 ± 0.1

1.1 ± 0.041

1.6 ± 0.1

9.8 ± 0.7

330.7

557.7

591.8

715.6

0.99

0.99

0.99

0.98

Ultimate specific methane
yield (mL CH4/g VSadded)
R2

SS: sewage sludge (300g); FW20: 20 g food waste; FW30 + SS: 30 g food waste and 150 g
sewage sludge; FW70 + SS: 70 g food waste and 150 g sewage sludge.
The modified Gompertz model was used to simulate the digestion process. As noted in
section 3.2.3.1, the lag phase (λ) and the ultimate specific methane yield could be obtained by
fitting data presented in Figure 3 to the Gompertz model. The ultimate specific methane
yields obtained from the Gompertz model (Table 4) were consistent with experimentally
obtained values previously presented in Table 3. Similar results at a comparable organic
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loading level have also been reported by Xie et al. (2017). It is noted that during the two
BMP tests with high organic loading (e.g. FW110 + SS and FW150 + SS), inhibition of the
methanogenic process due to significant VFA accumulation was observed (Figure 4). Thus,
the Gompertz model was not applied to these experimental conditions.
Table 4 also shows an increasing lag phase as the organic loading increased. The lag phase
during mono-digestion of sewage sludge and food waste was insignificant. For comparison, a
lag phase of 9.8 days was observed at the optimum organic loading of 15 kg VS / m3 (70 g of
food waste and 150 g of sewage sludge). In the lab-scale, a similar lag phase expansion was
observed by Kougias et al. (2014) when increased the organic proportion in the feeding
substrate.
3.3.3.3 TS, VS and soluble COD removals
The removals for TS, VS and soluble COD are important properties in the batch system
experiment, which can be used to evaluate the performance of the digestion process. The
soluble COD removal represents the reduction of soluble organic content after 48 days of the
BMP test.
Table 5 TS, VS, and Soluble COD removals at various organic loadings after 48 days (at the
end of experiment).
Mono-digestion

Co-digestion

Removal (%)
SS

FW20

FW30 + SS FW70 + SS FW110 + SS FW150 + SS

TS

76.2

98.4

82.3

82.9

64.3

55.2

VS

67.8

94.3

72.4

75.6

56.0

40.9

Soluble COD

48.0

59.7

62.4

53.4

-16.5%

-283.9%

SS: sewage sludge (300 g); FW20: 20 g food waste; FW30 + SS: 30 g food waste and 150 g
sewage sludge; FW70 + SS: 70 g food waste and 150 g sewage sludge; FW110 + SS: 110 g
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food waste and 150 g sewage sludge; FW150 + SS: 150 g food waste and 150 g sewage
sludge.
TS, VS, and soluble COD removals in the co-digestion bottles were higher than those in the
mono-digestion of sewage sludge. These results provide further evidence of the synergistic
effect of co-digestion and the biodegradable nature of food waste during AD (Grimberg et al.,
2015). It is noted that the production and consumption of soluble COD can occur
simultaneously, thus, data in Table 5 represent the overall balance of soluble COD in the
system. The low removal of soluble COD during co-digestion of food waste and sewage
sludge can be attributed to the very high soluble COD content in food waste as previously
discussed in section 3.3.1.
3.3.4 Kinetics of the hydrolysis process
Table 6 Hydrolysis rate constant for mono- and co-digestion of sewage sludge and organic
waste.
Mono-digestion

Co-digestion

SS

FW20

FW30 + SS

FW70 + SS

Kh

0.458

0.263

0.202

0.123

R2

0.978

0.965

0.990

0.992

p-value

0.001

0.001

0.001

0.001

SS: sewage sludge (300 g); FW20: 20 g food waste; FW30 + SS: 30 g food waste and 150 g
sewage sludge; FW70 + SS: 70 g food waste and 150 g sewage sludge.
The Kh of the hydrolysis process was determined using Eq. (8) and cumulative methane
production data presented in Figure 3a. Kh decreased as the organic loading increased (Table
6). In other words, the hydrolysis rate decreased with increasing organic content. When
increasing the organic content, it will reduce mass transfer efficiency and further results in
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higher partial pressure of hydrogen, which the latter one also is the inhibitor to the
degradation of propionate and butyrate Cheng et al. (2016). These results are consistent with
data reported by Wirth et al. (2015) and Cheng et al. (2016). These results are also consistent
with the increasing lag phase at increasing organic loading as discussed in section 3.3.3.2.
The observed decrease in Kh value as the amount of food waste increased from 30 to 110 g
indicates the need to enhance the hydrolysis process during co-digestion possible by an
additional acid phase digester (Koch et al., 2015). As discussed in section 3.3.3.2, inhibitions
were observed in BMP tests with high organic loadings, the Gompertz model was not applied
and no reliable Kh value were fitted under these overloading conditions.

3.4 Conclusion
This study shows that the synergistic/antagonistic performance of AcoD between sewage
sludge and food waste was dependent on organic loading. At the same sewage sludge content,
the specific methane yield increased as the content of food waste increased to the optimum
organic loading of 15 kg VS/m3. At or below this optimum organic loading, the
experimentally obtained specific methane yields were notably higher than those values
calculated by adding the specific methane yields of individual co-substrates during monodigestion. On the other hand, at an excessive organic loading value, the antagonistic effect
(i.e. lower specific methane yield compared to mono-digestion) was observed. The interplay
between the synergistic performance of AcoD and organic loading could also be seen in the
removal rates of VS as well as COD. Results from intermediate product analysis also suggest
that methanogenesis was the rate limiting step during AcoD.
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4. Pilot-scale AcoD Operation
4.1 Introduction
There have been many laboratory scale AcoD investigations in recent years. Most of these
studies were conducted under an idealised condition, which does not adequately represent the
highly variable nature of large-scale operation in terms of feed stock variation, environmental
condition, and operational disruption. Thus, the objectives for this component are to (i) debug
and maintain the AcoD system, (ii) evaluate the stability of AD from TS, VS, and COD
removal, (iii) assess the suitability of co-digestion with beer and wine rejects, and (iv) explore
the co-digestion effects on biogas production and specific methane yield.

4.2 Materials and methods
4.2.1 Substrates characterization
Digestate and sewage sludge samples (primary sludge) were collected from Shellharbour
WWTP and used as the inoculum and primary substrate, respectively. Each pilot digester was
fed with 700 L of digested sludge from the Shellharbour WWTP anaerobic digester (which
was used as inoculum) over four consecutive days. Both beverage rejects (beer and wine)
were collected from SUEZ Camellia Resource Recovery Centre, which were used as the cosubstrate during the pilot AcoD operation. The co-substrate was stored in a cool room (4 °C)
for less than 1 week prior to the pilot operation.
4.2.2 Pilot AcoD plant
A pilot AcoD plant was designed by the University of Wollongong, constructed by SyBic
Australia, and recently installed at the Shellharbour WWTP. The pilot AcoD plant is housed
in a 20 ft shipping container and consisted of two identical and parallel digesters (denoted as
Digester A and Digester B).
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Digester A was used for co-digestion evaluation and Digester B was used as the reference.
Sewage sludge and co-substrate wad fed at a flow rate of 1 L per minute in scheduled refresh
cycles using a feeding pump. A flow meter (denoted as FTX1) was installed to record the
real-time flow rate. Each system consists of an acid phase digester (200 L), a mesophilic
digester (1000 L), a mass transfer pump, a recirculation and sludge discharge pump (flow
rate: 25 L/min), a heat transfer pump, a water heater, biogas production flow rate meter and a
gas collection gallery as shown in Figure 5. Multiple valves were installed to manage the
liquid flow during the operation. Two mixers were used to stir the substrates evenly in both
the main and co-substrate feeding tank before feeding into the digesters. The temperature was
maintained at 35.0  0.1 C in the digesters by a water jacket surrounded with insulation
materials. The pilot plant was designed to simulate the full range of operational conditions to
provide the operational guideline to Sydney Water. The pilot plant is equipped with a
supervisory control and data acquisition (SCADA) system and can be remotely controlled via
a smart device.
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Figure 5 (a) Pilot AcoD system consisting of raw sludge and co-substrate feed tanks,
Digester A for co-digestion experiment and Digester B as a control and (b) the P&ID
diagram of the pilot AcoD plant.
4.2.3 Operation and monitoring
The pilot systems are controlled by the SCADA system with options being either manual or
automatic operational modes. All valves and pumps can be controlled and managed either
onsite or remotely as shown in Figure 6 to optimise the process performance. In other words,
the system can be remotely controlled and the operating conditions can be monitored real-time
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to maintain the effective operation of the pilot systems. Liquid samples of feed (sewage
sludge), effluents from digester A and B were taken three times a week. Parameters including
pH, TS, VS, total and soluble COD, TOA, and alkalinity were measured to monitor systems’
performance. Co-digestion performance in Digester A can be evaluated against the baseline
obtained from Digester B. Biogas composition was measured three times weekly. The likely
increase in biogas production from co-digestion is calculated by integrating the gas flow rate
in comparison to the baseline. Biosolids, as well as the sewage sludge and digested sludge, are
dewatered and evaluated by a modified centrifugal technique developed in the research group.

Figure 6 SCADA system and TeamViewer for remote process control and monitoring
4.2.4 Analytical method
Liquid sample of 1 L was taken from Digester A and B three times a week using a 1 L plastic
sampling bottle. All the samples were stored at 4 °C to avoid further decomposition for less
than 5 days prior to measurements. The effects of further digestion after sampling can be
ignored due to the adopted strategy in the liquid level control, by which the sludge level in
both digesters can be maintained at a constant level regardless of the impact of feeding and
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discharging. pH was measured immediately after taking samples in order to sensitively
monitor the AD performance in digesters. Simultaneously, supernatants were obtained after
centrifuging 50 mL of each sample at 3750 rpm for 20 min. 0.5 mL of samples and
supernatants were taken from each sampling bottles and centrifuge tubes respectively and
then diluted 30 times to a total volume of 15 mL to measure the total and soluble COD. All
the supernatants were stored at 4 °C for alkalinity and total TOA analysis. Total and soluble
COD were measured by a Hach DBR200 COD Reactor and a Hach DR/2000
spectrophotometer (program number 435 COD HR) according to US-EPA Standard Method
5220. TS and VS were measured by following the standard method 2540G (Eaton et al.,
2005) within 3 days of sample collections. TOA and alkalinity were conducted according to
the standard distillation method 5560C and titration method 2320B (Eaton et al., 2005). Two
plastic gasholders (200 L each) were installed to collect the biogas produced from each
digester. Gas composition was tested via the biogas sampling points three times weekly using
a GA5000 gas analyser (Geotechnical Instruments (UK) Ltd, England). Biogas production
was recorded by two flow meters (Brooks Instrument, Hatfield, PA, USA) for both digesters,
presented, and saved directly in the SCADA system.

4.3 Result and discussion
4.3.1 Substrate characterization
Sewage sludge was fed into each digester four times daily as scheduled in SCADA system.
The properties of sludge varied depending on the WWTP. pH of the raw sewage sludge was
acidic in comparison to the neutral pH in the inoculum, indicating some initial hydrolysis in
the primary treatment in the plant (Hatziconstantinou et al., 1996). Correspondingly, a
relatively low value in the alkalinity and a slightly high value in the TOA were observed
(Table 7). The high values in soluble COD are likely to be consisted of soluble microbial
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products and some intermediate products such as VFAs (Barker et al., 1999). It is noted that
the alcohol level in wine and beer beverage reject are 12% and less than 5%, respectively.
Table 7 Key parameters of inoculum and sewage sludge.

Inoculum

Beverage

Beverage rejects

rejects (beer)

(wine)

Sewage sludge

TS (%)

1.73 ± 0.30

1.90 ± 0.80

5.93 ± 0.62

6.35 ± 0.83

VS (%)

1.11 ± 0.27

1.61 ± 0.72

5.32 ± 0.67

6.03 ± 0.54

VS/TS (%)

64.04

84.5

89.73

95.01

pH

6.89 ± 0.04

4.87 ± 0.70

3.13 ± 0.20

3.44 ± 0.17

Alkalinity (mg/L

2,762.50 ±
779.17 ± 288.84

-

-

CaCO3)

768.25

TOA (mg/L)

243.75 ± 67.36

826.25 ± 316.16

0

112.5 ± 34.12

Total COD (mg/kg)

16,100 ± 950

36,323 ± 10,362

150,800 ± 636

205,600 ± 495

Soluble COD (mg/kg)

1,120 ± 66

6,892 ± 1,053

150,200 ± 848

204,350 ± 283

Beverage reject was used as the co-substrate in this pilot AcoD evaluation. The beverage
rejects exhibit distinctive properties in comparison to sewage sludge. The TS contents were
approximately 3 times higher than that of sewage sludge. In addition, a majority of TS (i.e.
89.73% and 95.01% respectively) forms the VS fraction for beer and wine rejects,
respectively. Similarly, the total COD concentrations in beverage rejects were more than 5
times higher in comparison to the sewage sludge. These significant differences were largely
contributed by the soluble phase organic content in the rejects including sugar, alcohol, and
other organic materials. It is noteworthy that two types of beverage rejects (beer beverage
reject and wine beverage reject) were used in the pilot AcoD. The alcohol content is three
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times higher in the wine beverage reject compared with that in beer beverage reject. Indeed,
the COD content was mainly in the soluble form for both beer and wine beverage rejects
(99.6% for beer and 99.4% for wine beverage reject). Both total and soluble COD were
higher in wine beverage rejects in comparison to beer beverage reject (Table 7). It is noted
that system operation stage can be characterised as four stages with an HRT at 20 days: (i)
AD acclimatisation stage with an OLR at 0.69 ± 0.31 (kg VS/m3/d) (from 17/01/2017 to
29/03/2017), (ii) AcoD sewage sludge with beer beverage rejects stage with an OLR at 2.28 ±
0.29 (kg VS/m3/d) (from 30/03/2017 to 15/04/2017), (iii) AcoD sewage sludge with wine
beverage rejects at its early stage with an OLR at 2.58 ± 0.23 (kg VS/m3/d) (from 16/04/2017
to 30/05/2017), (iv) inhibition stage of AcoD sewage sludge with wine beverage rejects with
an OLR at 2.58 ± 0.23 (kg VS/m3/d) (from 01/06/2017 to 28/06/2017), and (v) system
adjustment stage with an OLR at 0.69 ± 0.31 (kg VS/m3/d) (from 29/06/2017 to 15/08/2017).
Sewage sludge was fed into both Digesters periodically (every 360 minutes) in the AD
acclimatisation stage in order to minimise the natural decomposition. In the first stage of
AcoD, sewage sludge was co-digested with 10% (v/v) of beer beverage reject in Digester A
and was fed four times routinely. Digester B scheduled the same routine while feeding with
sewage sludge only as the control Digester. In the last two AcoD stages (early and inhibition
stage of AcoD sewage with wine beverage rejects), Digester A was fed with sewage sludge
and 10% (v/v) of wine beverage reject every 6 hours a day. Digester B, whereas, still was fed
following the same quantity and schedule as the previous stage. Both Digesters were fed with
sewage sludge only and followed the same schedule as that in the acclimatisation stage in
system adjustment stage in order to recover from the inhibition and get ready for the later
AcoD operations.
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4.3.2 Pilot baseline performance
4.3.2.1 Intermediate product parameters
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Figure 7 (a) pH, (b) total COD, (c) soluble COD, (d) total organic acids, (e) total solids, and
(f) volatile solids of the raw sewage sludge and digestate from both Digesters during the
acclimatisation phase.
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The variations in intermediate parameters including pH, total/soluble COD, and TOA were
presented Figure 7 during the mono-digestion stage. During the mono-digestion of sewage
sludge, pH was around 7.2 in both digesters. Significant variations in the intermediate
parameters have been observed due to the variations in the feed sludge qualities during the
initial stage when steady state of the systems has not been reached. Nevertheless, TS, VS,
total and soluble COD values were constant in both digesters at 1%, 0.5%, 10,000 mg/L, and
3,000 mg/L, respectively after 28 days of operations. These parameters indicated that a steady
state for mono-digestion of sewage sludge has been reached.
4.3.2.2 Biogas production and composition
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Figure 8 (a) Daily biogas production rate, (b) biogas composition for Digester A, (c) biogas
composition for Digester B, and (d) specific methane yield from both Digesters as a function
of time during the acclimatisation phase.
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The biogas production rate and their biogas compositions for both digesters are shown in
Figure 8 covering the mono-digestion stage of sewage sludge. Daily biogas production rate
fluctuated in both digesters ranged from 120 to 350 L/day due to the variations in organic
fraction in the feed sewage sludge. Notably that the specific methane yield for Digester A
fluctuated around 224.02 ± 76.45 L methane /kg VS added, which was slightly lower than that
of Digester B (247.13 ± 80.21 L methane /kg VS added), depending on the fed sludge
characteristics. The methane compositions were observed similarly in both digesters and
maintained constant at around 65%, which was within the typical methane fraction of 55 to
75% (Cimochowicz-Rybicka, 2000) and indicated a stabilised mono-digestion process.
Similarly, the CO2 fractions were observed stable around 35% in both digesters.
4.3.2.3 TS, VS, and total/soluble COD removal rate
The digestion process and performance of pilot AcoD systems can be evaluated by analysing
the removal rates of some key parameters including TS, VS, and COD. TS and VS removals
represent the reductions of total and volatile solid contents in digesters, and it is anticipated
that the reduction in VS content corresponds to the biogas production. Total and soluble COD
removals further evaluated and confirmed the corresponding process performance and the
effectiveness of the systems, excluding the interference of accumulation of microorganisms
in the evaluation particularly for soluble COD.

50

80

80

(b)

(a)
Volatile solids removal rate (%)

Total solids removal rate (%)

70
60
50
40
30
20
10
0
6/03/2017

Digester A
Digester B
13/03/2017

20/03/2017

70
60
50
40
30
20
10
0
3/02/2017

27/03/2017

Digester A
Digester B
17/02/2017

3/03/2017

17/03/2017

80

80

(c)
Soluble COD removal rate (%)

Total COD removal rate (%)

(d)

70

70
60
50
40
30
20
10

31/03/2017

Time

Time

Digester A
Digester B

0
10/01/2017 24/01/2017 7/02/2017 21/02/2017 7/03/2017 21/03/2017 4/04/2017

Time

60
50
40
30
20
10
0
3/02/2017

Digester A
Digester B
17/02/2017

3/03/2017

17/03/2017

31/03/2017

Time

Figure 9 (a) total solids, (b) volatile solids, (c) total COD, and (d) soluble COD removal rate
by Digester A and B as a function of time during the acclimatisation phase.
The removal rates for TS and VS were maintained at 47.04 ± 14.90 g and 59.24 ± 13.52 g
after the first 30 days of operations, for both digesters respectively. The results provided
further evidence to support the fact that both Digester A and B have reached their steady
states. Digester A and B were observed to exhibit similar removal rates in total and soluble
COD, which were approximately 60% and 54%, respectively. It is noteworthy that higher
COD removal rate (over 70%) for both digesters were obtained after 60 days of operation.
This may be due to the establishment of bacteria communities passing the log growth phase.
During this stage, most organic content was consumed to synthetise new bacteria cells and
satisfy the split propagation demands (Paulton, 1991). It is noted that the production and
consumption of soluble COD can occur simultaneously, thus, data in Figure 9 represent the
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dynamics in total and soluble COD in the system. The low removal in total COD (30%) and
soluble COD (45%) for Digester A, on 28/02/2017, during mono-digestion of sewage sludge
can be attributed to high COD content in the fed sludge as previously discussed in section
4.3.1.
4.3.3 Pilot AcoD performance
4.3.3.1 Intermediate product parameters
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Figure 10 (a) pH, (b) total COD, (c) soluble COD, (d) total organic acids, (e) total solids,
and (f) volatile solids by Digester A and B as a function of time during the pilot anaerobic codigestion phase.
The performance of pilot AcoD systems can be assessed by evaluating parameters including
pH, TS, VS, TOA, total and soluble COD in digestate. The variations in pH in sewage sludge
as the substrate and digestate from Digester A suggested the varied quality of influent sludge,
and unstable operating conditions in Digester A as shown in Figure 10. The pH for Digester
B maintained within the range of 6.8-7.2, exhibiting a relatively stable state (Neshat et al.,
2017). The instability in Digester A was observed because of several operational problems.
These problems encompass the inconsistent influent quality, temperature fluctuation,
presence of inhibitory compounds, and over-discharge of active methanogens. For example,
the low pH on 21/4/2017 and 1/5/2017 may be the consequences of inhibitions on
methanogens and it is the same to the significant increase in TOA on the same date. It is
noted that under this circumstance, the system can be recovered by adding active
microorganisms to the digesters. The decrease in pH on 26/6/2017 may be due to the
combined effect from both organic acids accumulation and sludge over discharge. A
prolonged recover period was observed. pH was not recovered to neutral level until adequate
effective microorganism communities were established. For the pH decrease on 7/6/2017, it
should be classified as the result of the sludge over discharge. It can also be proved from the
TS, VS, and COD diagrams, which both TS, VS, and total and soluble COD contents all
reduced significantly in both digesters. The TS and VS content was stabilised around 2.90 ±
0.65% and 2.40 ± 0.59% for the feed sewage sludge, 1.48 ± 0.33% and 1.02 ± 0.29% for
Digester A, and, 1.36 ± 0.23% and 0.94 ± 0.20% for Digester B (Figure 10). A rapid increase
in both TS (0.68% to 2.16%) and VS (0.40% to 1.54%) since 09/06/2017 for Digester A
indicated the accumulation of intermediate products due to the instability of AcoD process.
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Effective reductions in TS and VS have been observed after the 20 days (1 HRT) operating of
both AcoD and AD systems.
The slowly declining trend in total COD in Digester B was observed since June, which
indicate an increasingly better COD removal and system performance. On the other hand, the
variations of both total and soluble COD in Digester A demonstrate the unsteady state of
AcoD working status. As mentioned above, the significant drops in both digesters were
because of the sludge over discharge. Apart from the deviated data points, the average total
COD value of the digestate from Digester A and B were approximately 31,000 mg/L and
20,000 mg/L, respectively. Effective total COD reduction was observed in both digesters, and
Digester B has a better removal. However, the soluble COD for Digester A was observed
almost doubled compared with the feed sludge and Digester B. It is noted that two peak
accumulated values in soluble COD for Digester A on late April and early June were
considered to be the consequences of inhibitions at AcoD of sewage sludge with beer
beverage rejects and wine beverage rejects mixing stage and with wine beverage rejects
inhibited stage. It is noted that the alcohol and sulphur content in beer and wine beverage
rejects may also be the inhibitor to the methanogens and further lead to the excessive
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Figure 11 (a) pH, (b) total COD, soluble COD, (c) total organic acids, and (d) total solids,
volatile solids by Digester A and B as a function of time during AcoD with sewage sludge and
beer beverage rejects stage.
Specifically, Figure 11 (a) and (d) shows the pH, TS, and VS during AcoD with sewage
sludge and beer beverage rejects. The pH for Digester A and B maintained within the
optimum range between 6.8 and 7.2, averaged at 6.9 ± 0.2 and 7.0 ± 0.1, respectively.
Standard deviation in Digester A and B also indicated a stable working condition has been
reached. In contrast, the variations in the feed sewage sludge exhibit an instability in the
influent quality. Nevertheless, the stabilisation in TS and VS for Digester A and B provides a
further evidence in reaching its optimum working status. It is noteworthy that the low value
(i.e. less than 0.8%) compared with later measurement data was due to the use of 0.7 mm
filter during the period when screening the sewage sludge. However, the TS and VS for
sewage sludge fluctuated around 2.84 ± 1.0% and 2.21 ± 0.86%, respectively.
Large discrepancy was observed in total COD between influent and effluence from both
digesters indicating good COD removals in both digesters as shown in Figure 11 (b). Better
system performance from AcoD with beer beverage rejects occurred as Digester A has a total
COD of 6,600 ± 2,700 mg/L, which is lower than the 8,700 ± 2,318 mg/L in Digester B. One
sixth of the total solids were measured as the soluble phase in the feed sewage sludge.
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Soluble COD concentrations in both Digester A and B stabilised at around 2,592 ± 440 mg/L.
The low COD in this period compared with the later period COD data is also because the
same reason as the low TS and VS. Similarly, TOA in the influent was found 50% higher
than that in the Digester A digestate, while tripled compared with the TOA in Digester B.
TOA concentrations in Digester A and B fluctuated around 853 ± 423 and 450 ± 318 mg/L.
These low TOA values in both digesters demonstrate the good working conditions have
reached. The nearly doubled TOA in Digester A compared with Digester B was considered
due to the nature of co-substrate beer beverage rejects.
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Figure 12 (a) pH, (b) total COD, (c) soluble COD, (d) total organic acids, (e) total solids,
and (f) volatile solids by Digester A and B as a function of time during the early stage of
AcoD with sewage sludge and wine beverage rejects.
Similarly, the pH, TS, and VS performance in early AcoD with sewage sludge and wine
beverage rejects at its early stage for both digesters were illustrated in Figure 12. In this
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stage, the pH of both digesters maintained between 6.5 and 7.5. Little impact from the
sewage sludge to both digesters was observed indicating the existence of adequate buffering
capacity. TS, VS, and TOA for Digester A maintained at 1.50%, 1.20%, and 1,100 mg/L,
whereas, Digester B has a slightly better performance and has such values stabilised at
1.30%, 1.00%, and 600 mg/L.
Total COD of the digestate from Digester A and B, under this circumstance, stabilised at
28,000 mg/L and 22,657 mg/L respectively. Notable variations were obtained in the total
COD in sewage sludge compared with AcoD and AD digesters. However, soluble COD in
Digester A (7,177 ± 570 mg/L) was found 100% higher than that in the control Digester B
(3,527 ± 1,370 mg/L). The significant soluble COD reduction indicates the lower soluble
fraction in sewage sludge.
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Figure 13 (a) pH, (b) total COD, (c) soluble COD, (d) total solids, and (e) volatile solids by
Digester A and B as a function of time during the inhibition stage of AcoD with sewage
sludge and wine beverage rejects.
The inhibited system performance is shown in Figure 13 during the AcoD period with
sewage sludge and wine beverage rejects. Due to the low buffering capacity, pH in Digester
A decreased notably. The inhibited methanogens also resulted in the accumulation of fatty
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acids (Nagase et al., 1981) and led to a pH below 5 at late June. In contrast, the pH for
Digester B maintained within the optimum range. The inhibitors in Digester A also caused a
relatively high TS and VS content. However, the low TS and VS content was mainly due to
the loss in effective microorganisms due to sludge over-discharge in the early June.
Digester B has a better system stability with total COD maintained around 20,880 mg/L. In
contrast, total COD fluctuated significantly between 18,000 mg/L and 40,000 mg/L in
Digester A, which indicate its instability when digesting sewage sludge with wine beverage
rejects at its inhibited status. Methanogens were inhibited by the inhibitors in wine beverage
rejects and led to an accumulation of fatty acids. The highest value of 14,150 mg/L of soluble
COD was also obtained in Digester A, which was observed doubled and threefold than that in
sewage sludge and in Digester B, respectively. The accumulation of soluble COD can be
attributed to major temperature fluctuation and the presence of inhibitory compounds
(Aboudi et al., 2017; Gao et al., 2011).
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Figure 14 Daily biogas production from both Digesters during AcoD with (a) beer beverage
rejects stage, (b) wine beverage rejects (early stage), (c) wine beverage rejects (inhibition
stage), (d) average daily biogas production by Digester A and B at three AcoD stages, and
(e) specific methane yield from both Digesters as a function of time at three AcoD stages. BR:
AcoD with beer beverage rejects; WR: AcoD with wine beverage rejects.
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System performances in three stages were illustrated in Figure 14 (a)-(c) based on the daily
biogas production during co-digestion with beer beverage rejects stage, wine beverage rejects
at its early stage, and wine beverage rejects at inhibition stage. A 68.50% increase in the
biogas yield was obtained at its optimum working period between 03/04/2017 and
07/04/2017 (the first week of AcoD with beer beverage rejects). The reductions of biogas
yield in both digesters in the following week resulted from the VS decrease in the sewage
sludge and the feeding of wine beverage rejects. Similarly, the daily biogas production in
Digester A was 27.30% higher compared with that in Digester B at the early stage of AcoD
with wine beverage rejects. The variations in Digester A indicated that system has not yet
reached its steady state.
The production rate from Figure 14 (c) demonstrated the inhibition of microorganisms in
Digester A. The minimum biogas production (20.44 L/day) occurred on 17/6/2017 and the
main cause was the heat accumulation in both digesters due to the malfunction of
recirculation pumps, which overheated the system. Similarly, the minimum production for
Digester B was 45.6 L/day for the same reason. The recovery in biogas production in
Digester A was due to the replacement of digested sludge as scheduled.
The horizontal comparison of the amount daily biogas production and specific methane
production at three stages are illustrated in Figure 14 (d) and (e). Both graphs show that a
better system performance is more apparent when co-digesting sewage sludge with beer
beverage rejects than with wine beverage rejects with a production rate of 337.7 L/d rather
than 307.5 L/d and a specific methane yield of 248.8 L methane/kg VS added in comparison
to 220.1 L methane/kg VS added. Significant inhibition was found during AcoD with wine
beverage rejects since 07/06/2017. The biogas yield in control Digester B was observed
fourfold and the specific methane yield was found fivefold than those in Digester A. It is
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noted that the increase of the specific methane yield for Digester B may due to the
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Figure 15 (a) Gas compositions for Digester A, (b) biogas composition for Digester B, (c)
hourly biogas production from both Digesters on 05/04/2017 during AcoD with beer
beverage rejects, (d) hourly biogas production from both Digesters on 26/05/2017 during
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AcoD with wine beverage rejects (early stage), and (e) hourly biogas production from both
Digesters on 15/06/2017 during AcoD with wine beverage rejects (inhibition stage).
The average methane content for Digester B was 62.7 ± 4.9%, which was 10% higher than
Digester A (53.5 ± 11.2%). Thus, the composition for Digester A was much more stable than
that was in Digester B with the latter maintained in the range of 50-70%. Similarly, the CO2
contents were observed at 46.5 ± 9.9% and 37.3 ± 3.8% for Digester A and B respectively.
The H2S content in Digester A and B, whereas, fluctuated around 1,732 ±1,040 ppm and
1,318 ± 324 ppm. A booming was observed on an hourly production basis when digesting
sewage sludge with beer beverage rejects. Figure 15 (d) illustrated the hourly biogas
production under the co-digestion with wine beverage rejects conditions on 26/5/2017. Four
peak values were achieved every 360 minutes during the feeding refreshment cycles due to
the biogas back sucking in when discharging sludge. In addition, four small increases in the
biogas production indicate the good working status during the day.
The average hourly biogas production stabilised at 13.7 ± 4.46 L/h and 4.4 ± 2.9 L/h for
Digester A and Digester B respectively (peak value excluded). It is noteworthy that
synergistic effect from AcoD was observed as more than 60% overall increase of the biogas
production achieved in Digester A compared with the reference AD Digester B. However, on
15/06/2017, inhibitions occurred when co-digesting sewage with wine beverage rejects in
Digester A. Hourly biogas production maintained at 12.0 ± 2.0 L/h in Digester B, while 1.2 ±
1.0 L/h of biogas yield was achieved in Digester A. In Digester A, no biogas was produced at
most time during the day (Figure 15d). The complete inhibition may due to the substrate
overdose. As illustrated in section 4.3.1, soluble COD concentration in wine beverage rejects
were 30% higher than that in beer beverage rejects. Furthermore, other compounds such as
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sulphate, ethanol, and phenolic compounds in wine beverage rejects can also inhibit the
AcoD process (Feijoo et al., 1995; Hamdi, 1992).
4.3.3.3 TS, VS, and total COD removal rate
Table 8: Pilot AcoD TS, VS, and total COD removals for Digester A and Digester B at three
stages.
Removal rate

BR

WR (Early stage)

WR (Inhibited stage)

(%)

Digester A Digester B

Digester A Digester B

Digester A Digester B

TS removal

71.99 ±

68.57 ±

64.23 ±

66.50 ±

25.41 ±

44.35 ±

(%)

11.89

7.05

2.92

1.06

16.11

10.53

VS removal

76.22 ±

75.37 ±

63.74 ±

67.52 ±

34.63 ±

50.92 ±

(%)

12.27

10.04

0.45

1.10

13.23

10.56

Total COD

75.13 ±

72.77 ±

72.73 ±

64.61 ±

12.59 ±

45.22 ±

removal (%)

9.48

10.19

1.37

23.21

13.3

12.09

BR: co-digestion with beer beverage rejects stage; WR (Early stage): co-digestion with wine
beverage rejects (early stage); WR (Inhibited stage): co-digestion with wine beverage rejects
(inhibited stage).
The TS, VS, and total COD removal rate at three stages are illustrated in Table 8. Over 70%
of TS removal rate was observed when co-digesting sewage sludge with beer beverage
rejects. When co-digesting sewage sludge with wine beverage rejects at its early stage, both
digesters presented an over 60% in TS and VS removal. Higher total COD removal was
observed in Digester A compared with that in B, which demonstrated a synergistic effect of
co-digestion occurred on its co-digestion early stage.
However, the accumulation of inhibitors such as ammonia, sulphate, and fatty acids led to an
inhibited stage when co-digesting sewage sludge with wine beverage rejects (Jarrell et al.,
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1987). The low removal rate of total and soluble COD (data not shown) in Digester A
provides further evidence of the inhibition status and can be attributed mainly to the very
high COD content in wine beverage rejects as previously discussed in section 4.3.1. Thus, the
relatively low removal rate of total COD in Digester B is mainly because of unstable sludge
quality and the frequent pump stoppage. The flotation can result in reducing the removal
efficiency. It is noted that the production and consumption of soluble COD can occur
simultaneously, thus, data in Table 8 represents the overall balance of soluble COD in the
system.

4.4 Problems encountered
As the first trial of pilot-scale evaluation of AcoD of sewage sludge and beverage reject and
other co-substrates in Australia, technical issues can be expected during the practical
operation. Amongst these issues, we highlighted equipment malfunction, unstable electricity
supply, temperature fluctuation due to heating issues, moisture removals in this section. Some
of the teething issues can be avoided during the operation of the pilot system.
Leakage has been detected and rectified in the first system testing and debugging stage
(13/3/2017). The presence of oxygen can lead to inhibitory and toxic effects on the
methanogens since methanogenic archaea are strictly anaerobes (Botheju, 2011). It is
noteworthy that the leakage can occur along the operation of the system due to the loose of
the valve or screw resulting from the mechanical vibration. The air tightness of the system
has be checked and monitored regularly to ensure the strict anaerobic conditions of the AcoD
system.
Moisture in biogas can pass through the gas tube and interfere with the sensitivity of the gas
flowmeter. The presence of moisture in gas flow meter can even cause its malfunction.
Consequently, moisture traps have been customised and installed to replace the original
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condensate tube. By replacing the absorbent in the moisture trap on a monthly basis, it can
effectively remove moisture during the continuous operation.
Utility interruption is one of the most frequently encountered problems during the operation
of the pilot AcoD system. One representative example is pump. In the system, the sludge
intake pump is highly sensitive to the stability of electric current. The operating interruption
can occur when the electricity supply become unstable. When the stoppage occurred, no
substrate is fed and it must be fixed manually. The interruption of recirculation pump is
considered the direct cause of the bacteria overcooking. The heat from other pumps will
continuous heat the sludge around them and this will considerably weaken the biological
activity and kill the microorganism communities. The absence of these communities often
requires days to ensure systems have been fully recovered. Other problems including the once
not functioned hard drive, inappropriate setting in the refresh cycles, and the unintelligible
side glass readings also existed, and required immediate treatment to avoid monitoring data
and effective biomass lost.
The variations in qualities and compositions of the substrates can result in system instability
(Nghiem et al., 2017). For example, stratification of low quality sewage sludge can cause a
significant decrease in biogas yield due to the imbalance of methanogens population during
the operation. Some organic components in the co-substrate can be toxic to AD
microorganisms at an inappropriate level. For example, benzene and aromatic hydrocarbons
are determined to be poisonous and can cause strong inhibitions (Johnson & Young, 1983). A
proper amount of co-substrate can be fed into the system to avoid the system failure.
Inhibitions were observed and resulted in significant biogas yield reduction when codigesting sewage with wine beverage rejects. As noted, the antagonistic effect will developed
at an excessive organic loading value (Xie et al., 2017). However, the instability in substrate
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quality will be no doubtable affect negatively on AcoD performance. The feeding OLR need
to be measured and calculated thoroughly in prior to the pilot experiment, since the system
stability required weeks to fully recover.

4.5 Conclusion
This study explored the performance of AcoD at pilot scale and compared that to monodigestion using sewage sludge and two different beverage rejects (beer and wine). Both
biogas production and intermediate product analysis indicated the stable status has been
reached in AD debugging stage. In AcoD stage, a better biogas productivity was observed
when co-digesting sewage sludge with beer beverage reject. Over 60% increase in the biogas
production was achieved during this stage. On the other hand, strong inhibitions developed
during AcoD with wine beverage reject and resulted in a significant system instability.
Results from intermediate product analysis also suggest the AcoD process in Digester A has
been deteriorated. Several problems such as presence of inhibitory compounds and some
temperature fluctuation were observed in the AcoD process. These problems need to be
addressed thoroughly in order to ensure the success in pilot AcoD experiments.
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5. Conclusion
By using two or more substrates, AcoD has the capability to provide both environmental and
economic benefits. The high efficiency and effectiveness of AcoD in treating sewage sludge
and organic wastes compared with AD make it a promising technology for enhancing biogas
production. However, there remain some uncertainties in batch-scale experiments and
challenges in the large-scale AcoD operation. In the batch AcoD sewage sludge with food
waste study, the synergistic/antagonistic effect was examined and a relationship between such
effects with organic loading was explored. The highest methane yield was obtained at the
experimental optimum organic loading of 15 kg VS/m3 when sewage sludge and food waste
were co-digested. For the scenarios at or close to this optimum value, specific methane yield
was observed notably higher than that performance in digesting the sewage sludge or food
waste individually. The synergistic effect was observed under these circumstances. On the
other hand, an apparent antagonistic effect was observed in the assays with an organic
loading exceeding 15 kg VS/m3. The experiment results also provide further evidence by
exhibiting a significant decrease in methane production and the specific methane yield.
Methanogenesis was identified as the rate-limiting step during AcoD.
Pilot-scale AcoD evaluation has the capability to better simulate the large-scale AcoD
operation. It is necessary to conduct a pilot-scale AcoD evaluation in prior to the full-scale
AcoD operation in order to avoid some practical problems, such as inhibitions. Hence, pilotscale AcoD evaluation was conducted to examine the AcoD performances of digesting
sewage sludge with beverage rejects (e.g. beer and wine) under realistic condition. Over 60%
of biogas yield increase demonstrated the synergistic performance when co-digesting sewage
sludge with beer beverage rejects and wine beverage rejects at its early stage. On the other
hand, strong inhibitions and a significant reduction in biogas production were observed for
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AcoD of sewage sludge with wine beverage reject. The system instability in Digester A was
further evidenced in the intermediate product analysis under such AcoD condition. It is
noteworthy that several problems including presence of inhibitory compounds, and
temperature fluctuation were observed during the pilot AcoD process. Thus, appropriate
measures are necessary to address these problems during full scale implementation.
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6. Recommendations
In the AcoD experiment with sewage sludge and food waste, a deeper understanding of AD
and AcoD technologies was obtained from the operation of the equipment and more from the
later data analysing process. The candidate has mastered the measurement methods including
pH, TS, VS, total and soluble COD, and TOA, which can be used to evaluating the BMP
performance and determining Kh. The synergistic and antagonistic effects in the BMP test
regarding various organic loadings were explored. Optimum organic loading can be found
under the lab-scale designing circumstances with its practical value, such as cost, biogas
productivity, and its production rate. The definite inhibitions were observed for the
circumstances with initial organic loadings over the optimum point. Concisely, this
experience offered the candidate a comprehensive understanding of different scenarios
concluding both theoretical and practical conditions. As a result, some recommendations can
be summarised as follows: (i) inoculum/substrate ratio can be balanced to reduce the
discrepancy in the lag phase for each scenario, (ii) equipment should be managed more
experienced prior to and in the tests to avoid data lost due to air tightness issue when refilling
the cylinders and fixing the tubes and bottles, (iii) food waste should be processed before
assembling to minimise the particle sizes of the organic matters, (iv) more BMP assays can
be evaluated in order to provide a more accurate optimum organic loading interval, and (v)
additional attentions should be paid in the parameter stage to better presenting and
monitoring consequences.
As mentioned in section 2.4.2, the pilot-scale AcoD operation is a valuable step prior to the
full-scale application. The results in administering pilot-scale system have a guidance value
in comparison to the lab-scale experiments. In AcoD operation, the abilities of problem
detecting, locating, and solving have been improved significantly. To provide some
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recommendations based on the work till now, I classified them as the followings, (i) a
routinely air tightness check should be added to the routine schedule to avoid any further
possible leakage and the data inaccuracy as it may cause, (ii) voltage regulator or stabiliser
can be installed to address the pump stoppage in order to ensure the continuous operating of
the AcoD system, (iii) feed quality need to be monitored and controlled more precisely to
prevent the loss of effective biomass in both digesters, and (iv) the design of side glass can be
improved for easily assemble and maintain to ensure its functioning.
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